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Abstract 
Signal Processing in Bacterial Chemotaxis 
by Jimmie Marquette Smith 
This study localized 1) the site of ATP utilization in 
the signal transduction pathway of bacterial chemotaxis and 
2) the point of convergence of the methylation-independent 
systems of chemotaxis with the methylation-dependent sys-
tem. The site of ATP utilization was localized at the CheY 
protein/switch point. In an Eaeheriehia call strain 
(BT3077) containing the cheY, motor and switch genes, ATP 
depletion, accomplished by treating the cells with arse-
nate, suppressed the CheY protein-induced tumbling. ATP 
was not required by the switch for directing the clockwise 
and counterclockwise rotations of the flagellar motor. ATP 
did not appear to be required for normal steady-state and 
stimulus-altered protein methylesterase activity. Changes 
observed in the activity of the protein methylesterase with 
ATP depletion were probably secondary to changes in another 
chemotactic process. The CheA, the CheW and, perhaps, the 
CheZ protein probably do not require • ATP for regulating the 
protein methylesterase. Three E. call hisE mutants, which 
are able to reduce their intracellular ATP levels to the 
same degree as Ealmonella iyphimutium ST23 (his111/16) when 
grown in minimal media without histidine, were identified. 
S. typhimutimm strains containing the hisE mutation and 
harboring ColEl-derived plasmids were shown to be incapable 
of reducing intracellular ATP sufficiently when grown in 
minimal media without histidine. The point of convergence 
of the methylation-independent systems of chemotaxis, aero-
taxis (taxis to oxygen) and PTS chemotaxis (chemotaxis to 
sugars transported by the phosphoenolpyruvate-energized 
phosphotransferase system [PTS1), with the methylation-
dependent system was localized to the CheA and the CheW 
proteins. A strain (E. Con HCB525) containing the cheA, 
cheW, cheY, motor and switch genes demonstrated PTS chemo-
taxis. Aerotaxis was demonstrated in a strain (E. =Ai 
HCB513) that contained the cha gene in addition to the 
cheA, cheti, cheY, motor and switch genes. Strains con-
taining only the cheY gene (E. coli HCB465) or the eheA and 
cheW genes (E. =al HC3349) along with the motor and switch 
genes did not show aerotaxis or PTS taxis. Models are pre-
sented to explain the mechanism of chemotaxis to oxygen, 
the PTS sugars and those chemicals and physical stimuli 
mediated by the methylation-dependent system of chemotaxis. 
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I. Introduction 
Bacterial chemotaxis is an elementary sensory-response 
system in which bacteria move toward attractants (usually 
nutrients) and may from repellents (usually toxic sub-
stances) (Tsang et al. 1973). It may serve as a model for 
studying: 	the generation of action potentials in neurons 
and retinal rod cells produced by the binding of a neuro-
transmitter at the synapse and the reception of photons, 
respectively, (Koshland 1983); the migration of leukocytes 
to sites of injury and/or infection; and other higher 
sensory-response systems. Much of the information obtained 
thus far has been gathered from studying the enteric bac-
teria Eschetichia Cial and Salmonella Iyphimutimm. 
These bacteria are peritrichously flagellated (contain 
4 to 9 flagella) and are able to move by rotating the fla-
gella via a complex motor structure (Silverman and Simon 
1974). The energy source for this rotation is the proton 
motive force (Larsen et al. 1974). When the flagella are 
rotated in the counterclockwise direction, they form a bun-
dle at one end of the cell thereby propelling the bacterium 
in one direction in a relatively straight line (Macnab and 
Koshland 1974). Occasionally, the flagella are rotated in 
the clockwise direction for a brief period of time. This 
causes the bundle to dissociate into individual flagella. 
The bacterium then appears to Niggle" or tumble. The 
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bundle then reforms when the motors are rotated counter-
clockwise and the bacterium swims off in a new direction. 
This pattern of straight (smooth) swimming interrupted by a 
brief period of tumbling is known as a random walk because 
the bacterium is moving in random directions in three-
dimensional space (Berg and Brown 1972). 
The bacteria move toward favorable locales (i.e., 
toward attractants or away from repellents) by sensing the 
surrounding environment over time and altering their fre-
quency of tumbling. When the bacterium detects that it is 
moving in a favorable direction, tumbling is suppressed and 
the bacterium continues to move in that direction (Berg and 
Brown 1972). When the bacterium moves toward an unfavor-
able environment, the frequency of tumbling increases to 
reorient the bacterium so that it can move may from the 
area (Tsang et al. 1973). 
When an attractant is rapidly mixed with a suspension 
of bacteria, tumbling is suppressed for a period of time, 
afterwhich the random motility pattern resumes (Macnab and 
Koshland 1972). When a repellent is presented in the same 
way, the opposite occurs; the frequency of tumbling in-
creases for a while, then random motility resumes (Tsang et 
al. 1973). This process of restoring the prestimulus ran-
dom motility pattern is known as adaptation and the mecha-
nism for accomplishing the process forms the basis of 
dividing chemotaxis into two subclasses. One subclass uses 
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methylation of a set of membrane chemotaxis proteins 
(called transducers) to effect adaptation (Goy et al. 1977) 
and the other uses an unknown mechanism of adaptation that 
is methylation independent (Niwano and Taylor 1982). 
A. The methylation-dependent system 
The initial process in chemotaxis involves the detec-
tion of various chemicals and other physical stimuli by 
receptors located in the periplasm or by integral membrane 
receptors with periplasmic binding domains. The per iplas-
mic receptors are generally binding proteins which are 
involved in the transport of the molecule (usually a sugar) 
as well. However, transport is not required for taxis 
(Ordal and Adler 1974). The periplasmic receptors, after 
binding the ligand, bind to membrane transducers which 
transmit a signal across the membrane into the cytoplasm. 
Some transducers are able to bind the ligand in the peri-
plasm directly as well as a ligand-receptor complex. 
There •are four known transmembrane transducer proteins 
of approximately 60 Kd in E. enii that are the products of 
the /at, _tat, itg and _tap genes. Tsr detects temperature 
(Maeda and Imae 1979), the attractant serine and the repel-
lents leucine, acetate (Silverman and Simon 197713; Springer 
et al. 1977) (maybe OH also [Repaske and Adler 1981]), and 
others. Tar detects the attractants aspartate and maltose 
and certain metal repellents such as nickel and cobalt 
(Silverman and Simon 197713; Springer et al. 1977). Trg 
detects the attractants ribose and galactose (Kondoh et al. 
1979). Tap detects dipeptides and tripeptides (Manson et 
al. 1986). E. typhimmtimm lacks Tap but a Tip transducer 
was found by hybridizing DNA encoding the C-terminal region 
of the Tar protein to chromosomal fragments of the 5. 
typhimutimm genome. The molecules it detects are not known 
(Russo and Koshland 1986). 
A signal is transmitted from the per iplasmic domain 
(located at the N-terminal half) of the transducer across 
the membrane to the cytoplasmic domain by two hydrophobic 
transmembrane segments of the transducer; one located at 
the N-terminal end, the other midway along the sequence. 
Both transmembrane segments have been shown (by using mis-
sense, deletion, site-specific and suppressor mutants) to 
be involved in the transmission of the signal (Fig. 1; 
Mutoh et al. 1986; Oosawa and Simon 1986). 
The signal transmitted by the transducer across the 
membrane is cancelled in the adaptation of the bacterium to 
the chemoeffector. During the period of time before adap-
tation is complete the transducers undergo reversible meth- 
ylation by a protein methyltransferase 	protein; Fig. 
1) or demethylation by a protein methylesterase (CheB pro-
tein). S-adenosylmethionine (AdoMet) is used as the methyl 
donor to methylate the transducers at 4 to 6 glutamyl resi-
dues located in two methylation domains on the cytoplasmic 
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domain of the transducer (Goy et al. 1977; Springer and 
Koshland 1977; Van Der Werf and Koshland 1977; Stock and 
Koshland 1978; Kehry and Dahlquist 1982). The glutamyl 
residue methylated is the second one in the consensus 
sequence Glu-Glu-Xaa-Xaa-Ala-Ser/Thr, where Xaa designates 
any amino acid (Terwilliger et al. 1986). Some of the 
methylated glutamate residues are synthesized as glutamines 
initially but are deamidated by the CheB protein methyles-
terase to yield glutamate (Kehry et al. 1983). An increase 
in the fraction of receptors that have an attractant(s) 
bound increases the methylation of the transducer and is a 
means of desensitizing the transducer to the presence of 
the attractant (Kleene et al. 1979; Yonekawa and Hayashi 
1986). The y-glutamyl methyl ester groups are cleaved by 
the CheB protein methylesterase and excreted as methanol by 
the bacterium after the removal of an attractant or the 
addition of a repellent (Stock and Koshland 1978; Toews et 
al. 1979). 
Normal protein methylesterase activity, both steady-
state (unstimulated) and stimulus-altered, requires the 
CheA and CheW proteins (Springer and Zanolari 1984; F. W. 
Dahlquist personal communication) and maybe other compo-
nents. These components integrate signals from the various 
transducers and form a single parameter which regulates the 
methylesterase (Fig. 1). When opposing stimuli mediated 
through different transducers are presented to the bacteria 
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such that there is no change in behavior, no change in 
overall methylesterase activity is noted (Kehry et al. 
1985b). A change in the activity would be expected if the 
methylesterase were regulated by the individual trans-
ducers, whereas, no change would occur if the methyles-
terase were regulated by a parameter which combined all of 
the signals from the various transducers. This indicates 
that the methylesterase is globally regulated and that its 
activity- depends on combined signals from all of the trans-
ducers-probably integrated through the CheA and CheW pro-
teins. Global regulation of the protein methyltransferase 
has been proposed but has not been demonstrated. 
The absence of any one of four cytoplasmic prote i ns, 
CheA, CheW, CheY or Ova, (76 Kd [also a 66 Kd form], 18 
Kd, 14 Kd and 24 Kd, respectively) renders •a bacterium 
incapable of responding to any attractants (Fig. I; 
Armstrong et al. 1967; Aswad and Koshland 1975a; Silverman 
and Simon 1977a; Warrick et al. 1977). This suggested that 
these proteins may serve as part of a central processing 
complex which mediates transduction of the•signal from the 
different transducing proteins to the switch, which con-
trols the direction of rotation of the flagellar motor. 
The absence of the CheA, CheW or CheY protein leads to a 
smooth motility (counterclockwise flagellar rotation), and 
the absence of the CheZ protein causes constant tumbling 
(Aswad and Koshland I975a). 
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The four proteins in E. enii were determined using 
lambda-hybrids, which contained an operon controlling 
motility and chemotaxis (Silverman and Simon 1976), to 
direct their synthesis in UV-irradiated cells (Matsumura et 
al. 1977; Silverman and Simon 1977a). The proteins in 
B. iyphimurium were identified after first isolating bac-
teria containing mutations in the genes encoding the pro-
teins using the negative swarm plate and preformed liquid 
gradient methods (Aswad and Koshland 1975a; Warrick et al. 
1977). The chemotaxis proteins in E. enii and a. typhimm-
tium were later shown to be homologous (DeFranco et al. 
1979). This lead to the establishment of a common nomen-
clature for the genes which encode the proteins in the two 
species. 
Work has only just begun to elucidate the mechanism 
for transmission of the signal from the transducing pro-
teins to the flagellar switch. Wolfe et al. (1987), 
starting with an E. coil strain (HCB326; called "gutted") 
which is deleted of all the known chemotaxis genes but 
retaining the motor and switch, added transducer proteins 
to determine if such a system would elicit an excitatory 
response to a stimulus. It did not; so chemotaxis genes 
were reinserted sequentially until a minimal system neces-
sary for eliciting the excitatory response was obtained. 
This defined the signal pathway from the transducer protein 
to the motor and switch. 
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An E. con strain (HCB525) containing only the CheA, 
CheW and CheY cytoplasmic processing proteins, the Tar 
transducer, and the switch and motor demonstrated excita-
tory responses to the attractant aspartate and the repel-
lent nickel. E. aDli strains containing only CheA, CheW, 
the transducer, the switch and the motor (HCB349) or CheY, 
the transducer, the switch and the motor (HCB475) did not 
show excitatory responses to aspartate and nickel. This 
established the minimum number of chemotaxis components 
needed to elicit a response to a chemoeffector (aspartate 
and nickel in this case, both mediated by the Tar trans-
ducer). All other components are accessory and are only 
needed for adaptation and degradation of active molecules 
(CheZ counteraction of the CheY protein-induced tumbling 
discussed below). 
Both genetic and biochemical evidence indicates that 
the CheY and CheZ proteins interact with the switch. Sup-
pressors of mutations in the flaAII and flaBII switch genes 
of E. =Ili have been mapped in the cheY and cha genes 
(Parkinson et al. 1983). The CheY protein apparently binds 
to the switch and causes clockwise rotation of the flagella 
(tumbling) in the absence of all other soluble chemotaxis 
proteins in intact bacteria (Kuo and Koshland 1987) and in 
cell envelopes containing only the switch, motor and CheY 
protein (Ravid et al. 1986). The CheZ protein counteracts 
this, either by inactivating CheY, by displacing CheY from 
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the switch, or by binding CheY, resulting in counterclock-
wise rotation (Segall et at. 1985; Kuo and Koshland 1987; 
Wolfe et al. 1987). How CheY induces clockwise rotation of 
the motor is the subject of current investigations. 
The switch is composed of the FlaQ, FlaAII.2 (FlaAII 
and FlaBII in E. 	and FlaN proteins of E. iyphimutimm 
(Collins and Stocker 1976; Warrick et al. 1977; Parkinson 
et al. 19-83). Each of these proteins has segments involved 
in converting the energy from the proton motive force into 
rotation of the motor (Mot), assembling the motor and fla-
gellar apparatus (Fla) as well as determining the direction 
of rotation of the flagellum (ale) (Yamaguchi et al. 1986a 
and 1980). The FlaN protein, however, does not have many 
or extensive segments involved in switching and probably is 
only needed for the Mot and Fla functions. 
The switch gene products interact with the moth' and 
maa gene products (Yamaguchi et al. 1986a) which are com-
ponents of the motor that are responsible for generating 
rotation (Silverman et al. 1976). The motor rotates the 
flagellum via a hook structure. 
Early work on chemotaxis demonstrated that the proton 
motive force was the source of energy for the flagellar 
motors but that ATP was also required for normal chemotaxis 
(Larsen et al. 1974). 	It was suggested that this require- 
ment was for the synthesis of AdoMet (Larsen et al. 1974). 
Tumbling is eliminated by both methionine and ATP depletion 
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in wild-type cells and 012213 (methylesterase minus) mutants; 
however, tumbling in 2heZ mutants is eliminated only by 
arsenate treatment and not by methionine starvation (Aswad 
and Koshland 1974; Springer et al. 1975; Kondoh 1980). 
This suggested that ATP was needed for both the synthesis 
of AdoMet and for the generation of a tumbling regulator 
(Aswad and Koshland 1975b; Kondoh 1980). Arai (1981) then 
reported that phosphate could restore tumbling in arsenate-
treated cells without any significant change in ATP levels. 
As a result it was proposed that the requirement for tum-
bling was not ATP per se but a requirement for another high 
energy phosphate compound. 
Arsenate is a phosphate competitor and, as a result, 
does more than deplete cells of ATP. Any nucleoside 
diphosphate and triphosphate is depleted as well. It was, 
therefore, conceivable that changes in tumbling in 
arsenate-treated cells were due to changes in another 
nucleoside triphosphate which has a more direct role in the 
generation of tumbling than does ATP. A means of depleting 
ATP specifically was needed to study the requirement of ATP 
for chemotaxis. Galloway and Taylor (1980) demonstrated 
that the hisl mutation in E. iyphimmtimm could deplete ATP. 
The hisl mutants, when grown in a minimum salt medium 
without histidine, deplete the intracellular ATP stores 
while fruitlessly attempting to synthesize histidine from 
ATP. The hisE mutation is in the enzyme responsible for 
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forming phosphoribosylaminoimidazole carboxamide (PRAIC), 
which is utilized to regenerate the ATP molecule used ini-
tially, and imidazole glycerol phosphate from the cleavage 
of phosphoribulosylformimino-PRAIC (Fig. 2). The phospho-
ribulosylformimino-PRAIC is excreted by the cell 
(Shedlovsky and Magasanik 1962a and 19620. Since there is 
no histidine produced which would feedback on the enzyme at 
the initial step, hiss (Ames et al. 1961), ATP is used to 
no effect and the result is a decrease in the intracellular 
ATP concentration. Addition of adenine to these ATP-
depleted cells can rapidly restore the ATP levels (Shioi et 
al. 1982). 
Using the hisE mutants, it has been shown that the 
ability of the bacterium to tumble (and, hence, show chemo-
taxis) depends specifically on ATP (Shioi et al. 1982). 
Some workers have suggested that this ATP requirement is 
for the formation of GTP or another purine nucleotide 
(Stock et al. 1987) since the addition of guanine slowly 
restores tumbling to histidine-starved biaE mutants 
(Galloway and Taylor 1980). In the mammalian visual system 
GTP fills the purine nucleotide requirement (Stryer et al. 
1981) and it might fill the requirement in bacterial chemo-
taxis. However, an analysis of the intracellular nucleo-
tide pools in the histidine-starved cells has shown that 
ATP, and not GTP or other nucleotides, is required for nor-
mal tumbling (Johnson and Taylor 1987). The addition of 
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Figure 2. Diagram of the purine nucleotide cycle in histi-
dine biosynthesis. C, F' and G represent the products of 
the hi, hisE and bisO genes, respectively. Histidine i 
hibition of G is indicated by the broken line. Reprinted 






































guanine to the histidine-starved cells rapidly restores 
GTP, which was only reduced 50% from the unstarved levels, 
but slowly restores ATP levels. Once the ATP concentration 
reaches approximately 5% of the unstarved level, tumbling 
resumes (M. S. Johnson and B. L. Taylor unpublished obser-
vation). 
Intense research has been in progress in our labora-
tory localizing the site of the ATP requirement. Using the 
hisE mutation to specifically deplete the cells of intra-
cellular ATP we have shown that signal transmission across 
the membrane by the transducing proteins and adaptation to 
both attractants and repellents is normal in ATP-depleted 
cells (Taylor et al. 1985). This then places the site of 
ATP utilization among the cytoplasmic processing proteins 
or at the switch on the flagellar motors. A putative 
nucleotide binding site recently proposed for the CheW pro-
tein, based on the amino acid sequence deduced from the 
nucleotide sequence, has not been confirmed with biochemi-
cal studies (Stock et al. 1987). 
B. The methylation-independent systems 
Taxis to oxygen (aerotaxis) and to sugars transported 
by the phosphoenolpyruvate-energized phosphotransf erase 
system (PTS) (PTS chemotaxis) is mediated through a system 
of transducers which do not require methylation to effect 
adaptation (Niwano and Taylor 1982). The methyl donor, 
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AdoMet, can be depleted either by starving methionine auxo-
trophs of methionine or by adding cycloleucine to a growing 
cell suspension to inhibit the S-adenosylmethionine synthe-
tase. The AdoMet-depleted bacteria respond and adapt nor-
mally to oxygen and the PTS sugars D-mannose, D-glucose and 
N-acetyl-D-glucosamine, but are defective in adaptation to 
serine and aspartate, substrates for methylation-dependent 
transduction. Mutants lacking the protein methyltrans-
ferase also respond and adapt to oxygen and the PTS sugars. 
Taxis to oxygen is characterized by an increase in 
tumbling when oxygen is removed •(by replacement with nitro-
gen) and a decrease in tumbling when oxygen is replenished 
(by reaeration). The oxygen response is measured by 
placing a slide containing a drop of the cell suspension 
into a chamber which can be flushed with various, humidi-
fied gas mixtures (Laszlo and Taylor 1981). The receptor 
which mediates the oxygen response is thought to be cyto-
chrome Ja, the terminal oxidase of the electron transport 
chain (Laszlo et al. 1984). The K05 measured for aero-
taxis is similar to the Km of respiration and both aero-
taxis and respiration are inhibited by KG. Other evidence 
has shown that electron transport-dependent aerotaxis is 
mediated by changes in the proton motive force (Shioi and 
Taylor 1984). 
Taxis of E. call and a. typhimmtium to the alternate 
electron acceptors fumarate and nitrate is similar to that 
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of oxygen, a decrease in the concentration of the acceptors 
causes an increase in the frequency of tumbling and a rein-
troduction of the acceptors after their absence decreases 
tumbling (Taylor et al. 1979). The response to the accep-
tors depends on the presence of their specific terminal 
reductases which are also required to generate the proton 
motive force when the bacteria are grown anaerobically in 
their presence. These acceptors can compete with oxygen in 
aerotaxis, that is, the presence of one can inhibit the 
response to oxygen (Laszlo and Taylor 1981). Taxis to blue 
light is characterized by an increase in tumbling when the 
bacteria are exposed to an intense blue light (Taylor •and 
Koshland 1975). This response may also result from a 
change in the proton motive force, via photooxidation of a 
flavoprotein in the eletron transport system (Taylor et al. 
1979) 
Chemotaxis of E. call and E. typhimmtium to PTS sugars 
is characterized by a smooth-swimming response when the 
sugar is rapidly added to a suspension of cells, much like 
the responses mediated by Trg to galactose and ribose. PTS 
taxis requires the presence of a specific enzyme II trans-
port protein and the presence of enzyme I and a heat-stable 
protein (HPr), general proteins required for normal opera-
tion of the PTS (Adler and Epstein 1974). In some cases a 
specific enzyme III is also required (Fig. 3, Lengeler et 
al. 1981). 
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Figure 3. Diagram of a portion of the phosphoenolpyruvate 
(PEP)-energized phosphotransferase system (PTS). 	I, II, 
111g1c and Cya represent enzyme 1, enzyme II, enzyme Ingle  
and adenylate cyclase, respectively. glc-6-p represents 
glucose-6-phosphate. -P designates a phosphorylated pro-
tein or sugar. 
PEP 
Pyruvate <--1'-> I -P 	HPr 




Enzyme I transfers the phosphate group of phosphoenol-
pyruvate to HPr, via the binding of the phosphate group to 
a histidyl residue in the enzyme I (Waygood and Steeves 
1980). HPr is a phosphate carrier protein and can be 
boiled for short periods of time without loss of activity 
(hence, the name heat-stable protein) (Anderson et al. 
1971). The phosphate group is linked to the N-1 position 
of a histidyl residue in the protein. Membrane-bound 
enzyme IImtl, enzyme 11gal  and others then transfer the 
phosphate group, via direct binding to a histidyl residue 
in the enzyme II, from HPr to mannitol, galactitol and 
other sugars, respectively, as the sugar is translocated 
across the membrane (Waygood et al. 1984). In the case of 
glucose and mannose, a specific and soluble enzyme III is 
also required in addition to the enzyme 11 (Erni and 
Zanolari 1985). The enzyme III accepts the phosphate group 
from HPr and transfers it to the sugar, via the enzyme II 
which may first bind the phosphate group, as the sugar is 
translocated across the membrane (Waygood et al. 1984). 
Fructose is translocated and phosphorylated in E. enli 
by its awn PTS components (Waygood 1980; Waygood et al. 
1984). There is an HPr-like protein, called FPr, enzyme 
II fru and enzyme Iiifru 	The fructose PTS requires the 
enzyme I used by the other PTS sugars but there is recent 
evidence which suggests that there is a fructose-specific 
enzyme I as well (Olin et al. 1987). 
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The glucose-specific enzyme III (enzyme Ing le ) regu-
lates other sugar transport and catabolic pathways (Nelson 
et al. 1983; Postma et al. 1984). The dephosphorylated 
form of enzyme Ing le either binds to non-PTS sugar perme-
ases and inhibits the transport of the non-PTS sugars or 
binds to the initial catabolic enzyme. The phosphorylated 
form does not bind to the permeases but does activate ade-
nylate cyclase (Saier et al. 1976; Scholte and Postma 
1980). This causes an increase in intracellular cyclic AMP 
levels. The cyclic AMP, after binding to the cyclic AMP 
binding protein, induces the synthesis of the non-PTS sugar 
catabolic enzyme systems. The non-PTS sugar also induces 
the system for its catabolism. 
Adenylate cyclase was thought to be required for 
chemotaxis to the PTS sugars because E. Ciai CA8306, which 
has a deletion in the gene for the cyclase (eya), is defi-
cient in taxis to the PTS sugars (Black et al. 1983). 
Shibuya et al. (1977) have reported that the bacterial 
adenylate cyclase can synthesize cyclic GMP and, in the 
visual system, cyclic GMP serves as a mediator of the light 
response (Stryer et al. 1981). PTS chemotaxis may require 
cyclic AMP or cyclic GMP. However, a thorough investiga-
tion of PTS chemotaxis in E. =Li demonstrated that neither 
the cyclase nor cyclic AMP (nor cyclic GMP) is required for 
chemotaxis to PTS sugars or chemotaxis to serine (Tribhuwan 
et al. 1986). The requirement for cyclic AMP is for the 
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synthesis of the transport and catabolic proteins and the 
flagellar motor complex. 
Although the PTS sugars are phosphorylated upon trans-
port into the cell, the tactic response does not require 
the binding of the phosphorylated sugar to an internal 
transducing protein (Adler and Epstein 1974). E. call 
which have been induced to transport glucose-6-phosphate do 
not show taxis to the sugar. Metabolism of the sugar is 
not necessary either (Adler and Epstein 1974) because an E. 
eidi mutant which is 97% blocked in the oxidation of D-
glucose shows normal PTS taxis to glucose. An enzyme II 
mutant which transports mannitol but does not exhibit 
chemotaxis to mannitol has been reported (Leonard and Saier 
1981) but subsequent characterization in this laboratory 
failed to confirm the phenotype of the mutant (B. L. Taylor 
and M. Saier, Jr. unpublished observation). Such a mutant 
is needed in order to decipher those components needed only 
for chemotaxis and how and where they interact with them-
selves and the other known chemotaxis components. In the 
case of maltose and galactose, the transport system has 
been separated from the chemotactic system although both 
utilize the same periplasmic sugar binding protein 
(Hazelbauer 1975; Ordal and Adler 1974). Intensive work is 
in progress in this laboratory to isolate an enzyme I'm" 
mutant which has normal mannitol transport but defective 
chemotaxis. 
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The aerotaxis and PTS taxis systems are assumed to 
converge with the methylation-dependent system at a point 
before or at the motor switch since the methylation-
independent responses must be mediated through the same 
motor and flagellar structures used by the methylation-
dependent system. 
C. Studies in this work 
Much work is in progress to ascertain the mechanism of 
signal transduction from the transducers to the flagellar 
switch by the CheA, CheW, CheY and CheZ processing pro-
teins. ATP is utilized somewhere among these proteins. 
Also among these proteins the methylat ion-independent path-
ways of chemotaxis was postulated to converge with the 
methylation-dependent system. This study provides informa-
tion on the function of these processing proteins by local-
izing 1) the site of ATP utilization, and 2) the point of 
convergence of aerotaxis and PTS taxis with the 
methylation-dependent system of chemotaxis. This will aid 
in establishing the function of the processing proteins. 
The site of ATP requirement was localized by exam-
ining, in the presence and absence of ATP, the function of 
the methylesterase and the switch, and the interaction of 
the CheY protein with the switch. Where possible S. Iyphi-
mutium hiaE mutants were used to specifically deplete 
intracellular ATP. Also, plasmids containing the cheY gene 
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behind an inducible promoter (Clegg and Koshland 1984) were 
used to examine CheY protein interaction with the switch. 
The convergence of the methylation-independent pathways 
with the methylation-dependent pathway was ascertained by 
examining mutants depleted of the known chemotaxis proteins 
but retaining the motor and a normal or mutated switch. 
Then proteins were added back, via plasmid clones or using 
mutants with fewer chromosomal deletions or both, until a 
minimal system which mediated the responses was obtained. 
II. Materials and Methods 
A. Strains and growth media 
The strains that were used are listed in Table 1 
(relevant chemotaxis genes on the plasmids are given in 
Table 2). Salmonella iyphimuzimm BT621, BT622, BT623, 
BT624, BT625 and BT634, and Esehetiehia call BT3076 and 
BT3077 were constructed by transformation as described 
below. All strains were grown at 30°C in Vogel-Bonner 
citrate (VBC) medium E (Vogel and Bonner 1956) supplemented 
with auxotrophic requirements (25 jig/m1 thymine, 0.06 jig/m1 
thiamine, 45 jig/m1 of the amino acids histidine, leucine, 
threonine or methionine as needed) and a carbon source 
(0.6% glucose [medium E glucose] or 1% glycerol [medium E 
glycerol]). 
B. Transformation of cells 
Cells were transformed using a modification of the 
procedure outlined in Silhavy et al. (1984a). The cells 
were grown at 37°C to 7 to 8 x 105 cells per ml in nutrient 
broth composed of 0.8% nutrient broth (Difco Laboratories, 
Detroit, Mich.), 0.085% NaC1 and 25 jig/m1 thymine. They 
were then placed on ice for 15 min, centrifuged and sus-
pended in 100 mM CaCl
2 to half the original volume. Fol-
lowing incubation for 15 to 20 min on ice, the cells were 
centrifuged, resuspended in I to 2 ml of CaC1
2 and kept 
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ST23 	Wild type hiaE212fl 	Aswad and Koshland 1975a 
ST171 	eta hisE222.6 	Kutsukake and lino 1985 
(formerly eheZ) 	Aswad and Koshland 1975b 
+ 	- 	+ LB5000 	r 	mr 	m 
SA SA SB SB 
r 	m LT 	LT 	Bullas and Ryu 1983 
811621 	LB5000 pBR322 This work 
BT622 	LB5000 pCK65 	This work 
BT623 	LB5000 pai63 This work 
BT624 	ST23 pai65 	This work 
BT625 	ST23 pCK63 This work 
8T634 	ST23 pBR322 	This work 
Esehetiehia gQLL 





Wolfe et al. 1987 
Wolfe et al. 1987 
HCB326 	M1st)7021 MeheA- 
cheZ)2209 milA 
Wolfe et al. 1987 
HCB327 	HCB326 pRL22 	Wolfe et al. 1987 
HC3328 	HCB326 pRI22ApyliII 	Wolfe et al. 1987 
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Table 1. Continued. 
Strain Relevant 
genotype' 
Source or reference 
HCB333 	A(1aL)7021 A(cheA- 
cheZ)2209 milA 
Xgt4-iazifil pRI22 
Wolfe et al. 1987 
HCB334 	Mist)7021 A(cheA- 
eheZ)2209 milA 
Xgt4-Iat1111 
pRlanpyliII 	Wolfe et al. 1987 
HCB337 	Meheil-cheZ)2209 
pRL22 milA 	Wolfe et al. 1987 
HCB338 	A(cheA-cheZ)2209 
pRL22ApymII milli 	Wolfe et al. 1987 
HCB349 	A(1ar)7021 A(tap- 
cheZ)2206 milA 	Wolfe et al. 1987 
HCB358 	H312 Miaz)7021 
H. C. Berg 
HCB365 	HCB312 A(1aL)7021 
H. C. Berg 
HCB465 	A(taz)7021 A(ir.g)100 
MeheA- 
cheZ)2209 miI 
pa1120 	Wolfe et al. 1987 
HCB475 	HCB465 Xgt4-iariill 	Wolfe et al. 1987 








Wolfe et al. 1987 
Wolfe et al. 1987 
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Table 1. Continued. 
Strain Relevant 
genotypeI 
Source or reference 
HC8484 	Attaz)7021 d(1.tg)100 
• z1/c1::Tna Mchell-
cheZ)2209 sayalil 
wilA• 	Wolfe et al. 1987 
HCB513 	HC3349 13,1E1123 	H. C. Berg 
HCB525 	1103349 pa-1120 	Wolfe et al. 1987 
HC3526 	MilL)7021 A(r4)100 
A(1at-1ap)5201 
m118 	Wolfe et al. 1987 
BT3076 	HCB326 pai65 	This work 
BT3077 	HCB326 pai63 This work 
RP3000 	A(cheY-giaa)m43-13 
sayA2 atIA 	Parkinson et al. 1983 
RP3001 	Mella-cha)m43-13 
sayAa milA 	Parkinson et al. 1983 
RP3068 	Meta-cha)m43-13 
seyBID milA 	Parkinson et al. 1983 
UTH653 	his1/16 	Goldschmidt et al. 1970; 
hiaE/21 Garrick-Silversmith and 
Hartman 1970 
UTH653 	hiEB11fl 	Goldschmidt et al. 1970; 








Goldschmidt et al. 1970; 
Garrick-Silversmith and 
Hartman 1970 
Goldschmidt et al. 1970; 
Garrick-Silversmith and 
Hartman 1970 
Colson and Van Pel 1. 974 
Table I. Continued. 
I. The relevant chemotaxis genes on the plasmids are 





















Clegg and Koshland 1984 
Clegg and Kosh14nd 1984 
F. W. Dahlquist 4  
H. C. Berg 
Matsumura et al. 1984 
P. Matsumura l 
I. Obtained via A. J. Wolfe (Wolfe et al. 1987). 
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overnight at 4°C. Aliquots of competent cells (0.2 ml) 
were placed in microfuge tubes, the plasmid DNA added, and 
the tubes incubated for at least 30 min at 4°C. The cells 
were heat-shocked at 37°C for 2 min then 1 ml nutrient 
broth was added and the mixture incubated at 370C for 60 
min. The cells were centrifuged, resuspended in 0.2 ml 
nutrient broth and plated on nutrient broth plates con-
taining 50 pg of ampicillin per ml. After an overnight 
incubation at 37°C, the colonies formed were counted and 
one or more were used for making permanent stocks. 
For Ealmonella inhimutium strains, the cells were 
grown and heat-shocked at 42°C to inactivate the SA and SB 
restriction systems which are partially active at 37°C 
(Colson and Van Pel 1974). 
Plasmids were isolated from stock strains using the 
procedure outlined in Silhavy et al. (1984b). S- IYPhimu-
zinc° strains were grown at 30°C to ensure complete modifi-
cation of the DNA (Colson and Van Pel 1974). 
C. ATP depletion by histidine starvation and arsenate 
treatment 
The hisE mutants were grown to between early- and mid-
log phase in VBC supplemented with glucose, thymine and 
histidine at 30°C. They were then washed twice by centrif-
ugation and suspended in the same medium without histidine. 
Following incubation at 30°C for the appropriate time 
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(measured from the end of the first wash), the various 
assays were performed. 
The strains without the hisE mutation or containing 
plasmids were grown to between early- and mid-log phase at 
30°C in VBC supplemented with their requirements. They 
were then washed by centrifugation twice and suspended in 
an arsenate buffer containing 10 mM PIPES (piperazine-N W-
bis[2-ethanesulfonic acid]) (pH 7.0), as the buffering 
agent, 0.6% glucose or 1% glycerol as the carbon source 
(the same one that was used for growth), 1 mM sodium arse-
nate and 0.1 mM K-EDTA, 1 mM M004 and 1 mM (NH 4 ) 2 SO4 for 
motility. The assays were performed after the appropriate 
incubation time. 
D. ATP assay 
The ATP concentrations of trichloroacetic acid-treated 
and ether-extracted cell samples were measured using the 
luciferin/luciferase assay as previously described (Lundin 
and Thore 1975) with the exception that the samples were 
counted using the Single Photon Monitor of a Beckman LS3801 
liquid scintillation counter. Extracellular ATP, obtained 
by measuring a filtered sample, was substracted from the 
above cell sample and intracellular ATP levels calculated 
as described previously (Shioi et al. 1982). 
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E. Behavioral assays 
Temporal assays were performed by rapidly adding a 
chemoeffector to the cells grown in VBC, observing the 
response and the time required for 50% of the cells to 
resume the prestimulus motility pattern. For taxis to the 
PTS sugars, the cells were grown overnight in the presence 
of the sugar (1% final concentration) then the cells were 
washed and resuspended in a motility buffer consisting of 
10 mM K-P0 (pH 7.0), 67 mM NaC1, 10 mM sodium lactate, 0.1 
mM K-EDTA, 1 mM M004 and 1 mM (NH4 )2SO4. The temporal 
assays were then performed. The cells were viewed with a 
Leitz Dialux dark-field microscope through a 500 to 800X 
objective system. 
Aerotaxis assays were performed using a microchamber 
which can be ventilated with humidified nitrogen (Laszlo 
and Taylor 1981). A glass slide containing a drop (<5 pl) 
of cell suspension was placed within the chamber then 
nitrogen was introduced into the chamber, the response 
observed and the time required for 50% of the cells to 
resume the prestimulus motility pattern noted. The nitro-
gen flow was stopped and air reentered the chamber from the 
open end. The time required for resumption of the motility 
pattern was again noted. The cells were viewed through a 
Panasonic video system (WV-I650 camera, NV-8950 video cas-
sette recorder and TR-930 video monitor) containing an 
inline clock (M. Walsh Electronics, Covina, CA) and 
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connected to a Nikon Diaphot phase-contrast microscope. 
The chemotactic ability of cells on semisoft plates, 
known as swarming, was measured either on VBC containing 
the auxotrophic requirements, the desired carbon source and 
0.25% Bacto-agar or on tryptone (I% tryptone Wilco Labora-
tories], 0.5% NaC1 and thymine) containing 0.25% Bacto-
agar. A drop of cell suspension was placed on a semisoft 
plate, incubated for several hours at 30°C and the diameter 
of the swarm, which formed as the cells migrated from the 
site of inoculation, was measured. 
F. Tumbling frequencies 
Tumbling frequencies were measured by taking a 1-s 
photographic exposure and determining the number of paths 
exhibiting a change in direction versus the total number of 
paths (Dang et al. 1986). A Nikon 35mm camera was used to 
record the image on Kodak 2475 Recording Film which was 
developed with HC-110 (dilution B) as outlined in the pro-
cessing instructions for low contrast subjects. The camera 
was attached to the Leitz microscope with a Strobex lamp 
(Chadwick-Helmuth) as the light source. 
G. Protein methylesterase assay 
Methylesterase activity was measured using a modifica-
tion of the procedure of Kehry et al. (1984). Briefly, 2 
x 109 cells were washed and suspended in 1.0 ml VBC 
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containing 0.6% glucose. The cells were then incubated 
with 0.06 mCi [methyl-3H]methionine for 30 min at 30°C with 
shaking to label the methyl groups on the transducer pro-
teins. The cells were centrifuged for 2 min, suspended 
in VBC with glucose, thymine, 0.1 mM methionine and 
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L Cimethanol (approximately 2000 DPM per ml) and loaded 
onto a filter which had previously been washed with the 
same medium. The medium was pumped past the cells at a 
rate of 0.4 ml per min using an LKB 2132 Microperpex peri-
staltic pump. At various times the medium was changed to 
one with an attractant and after a certain time interval 
returned to the original medium. Seven-drop fractions were 
collected using an LIO 2211 SuperRac fraction collector 
(approximately 0.8 min for each fraction) and 0.15-mi 
aliquots were transferred to 0.5-ml microfuge tubes. The 
tubes were placed in 6-ml scintillation vials containing 
2.4 ml Beta Phase scintillation fluid (Fig. 4). The vials 
were incubated at room temperature for 10 to 12 h to allow 
vapor-phase transfer of the methanol from the microfuge 
tube to the scintillation fluid (a process also called dis-
tillation) (see Results). The vials were then counted in a 
Beckman 3801 liquid scintillation counter (5 min each). 
Both 3H and 
14
C were measured. The ratio of 3H to 
14
C was 
plotted versus fraction number. A typical plot of an assay 
is given in Figure 5. 
For strains lacking the hial mutation, an arsenate 
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Figure 4. Diagram showing the position of the microfuge 
tube, containing the buffer and radiolabelled methanol 











Figure 5. Protein methylesterase activity in E. iyatimn-
Lim ST23. The cells were grown to mid-log phase in VBC 
with glucose, histidine and thymine at 30°C. The cells 
were then prepared, and the assay performed as described in 
the text. An attractant mixture composed of 0.5 mM each of 
serine, aspartate and ribose was added at fraction 8 and 
removed at fraction 28. The effects of the stimuli were 
first observed after two or three additional fractions had 





























buffer was used instead of VBC. A 6-h distillation of the 
methanol from this buffer to the scintillation fluid was 
necessary before the vials were counted (see Results). 
H. Permeabilization of cells 
After the cells were radiolabelled for the methyles-
terase assay, they were permeabilized using the procedure 
of Stock et al. (1984). 	In brief, the cells were centri- 
fuged and suspended in VBC containg 0.6% glucose and 9.5 
mM - K-EDTA to a density of 1.6 X 10 9 cells per ml. Toluene 
•was added to a . final concentration of 0.14% and the sus-
pension was vortexed for 2 min. The cells were then incu-
bated with shaking at 313°C for 10 min. They were centri-
fuged, washed once with VBC containing 0.6% glucose and 9.5 
mM K-EDTA and suspended in VBC containing 0.6% glucose, 9.5 
mM K-EDTA, thymine, 0.1 mM methionine, and [ 14C]methanol• 
(medium WAS also used for protein methylesterase assay)'. 
The cells were loaded onto the filter for the methyles-
terase assay. 
I. Analysis of proteins by polyacrylamide gel electropho-
res is 
Mid-log cells were treated with isopropy1-0,D-thioga-
lactoside (IPTG) for 30 min at 30°C to induce production of 
the CheY protein and a CheY protein fragment by the plas-
mids pC163 and pai65, respectively. Formal in was added to 
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a final concentration of 10% and the cells lysed in an SDS 
buffer composed of 0.125 M Tris (pH 6.8), 20% glycerol, 4% 
sodium dodecyl sulfate and 0.006% bromphenol blue. Protein 
in the sample was measured by the method of Lowry et al. 
(1951). The sample was then run on a 12 x 14 cm 12.5% 
acrylamide gel. 
III. Results 
A. Site of NW requirement 
A.1. Protein methylesterase function 
At the time this study was commenced, M. S. Springer 
(personal communication) had observed a change in protein 
methylesterase activity in arsenate-treated cells sug-
gesting that ATP might be needed for normal methylesterase 
activity. •He also had reported that the CheA protein was 
needed for normal steady-state and stimulus-altered methyl-
esterase activity (Springer and Zanolari 1984). Since the 
absence •of the CheA protein yields a smooth-swimming bac-
terium (Warrick et al. 1977; Parkinson and Houts 1982) and 
since ATP depletion yields the same behavior (Shioi et al. 
1982), it was possible that the CheA protein required ATP 
for normal function, and that the methylesterase would be 
indirectly affected by ATP depletion through a feedback 
loop which involved the CheA protein. 
Work done by C. B. Russell in the laboratory of F. W. 
Dahlquist (personal communication) confirmed that the CheA 
protein was required for normal stimulus-altered and 
steady-state methylesterase activity. He also showed that 
the CheW protein was required for normal methylesterase 
function (C. B. Russell and F. W. Dahlquist personal com-
munication). It had been proposed that the methylesterase 
was globally regulated (Kehry et al. 1985b) and that the 
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CheA and CheW proteins were needed for this regulation (F. 
W. Dahlquist personal communication). 
A possible requirement for ATP by the CheA protein was 
investigated by examining methylesterase function in the 
presence and absence of ATP. The use of hisE mutants 
allowed us to specifically deplete the cells of ATP. Meth-
ylesterase activity was measured using an in vivo flow 
assay developed by Kehry et al. (1984). 
A.1.a. The protein methylesterase assay. Protein 
methylesterase cleaves the methyl esters on the transducer 
proteins producing methanol which is excreted by the cells 
(Stock and Koshland 1978). The amount of methanol excreted 
by the cells within a specific time interval is a function 
of the activity of the methylesterase. If the methanol 
were radiolabelled then the amount of methanol excreted by 
the cells could be determined by measuring the amount of 
radiolabel present in a filtered sample of the cell suspen-
sion. Placing the cells on a filter and continuously 
pumping buffer over them would allow continuous measurement 
of the radiolabelled methanol liberated by the cells. The 
buffer can be changed to one containing a stimulus and the 
change in methylesterase activity determined by measuring 
the change in concentration of methanol liberated by the 
cells within a specific time interval. This forms the 
basis of an in vivo continuous flow assay of methylesterase 
activity (Kehry et al. 1984). 
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The methylesterase assay involved incubating the bac-
teria with [methy1-31-flmethionine to allow the protein meth-
yltransferase to methylate the transducer proteins with the 
radioactive thiomethyl of methionine (the methionine is 
activated to AdoMet first by S-adenosylmethionine synthe-
tase, which uses ATP as the energy source; the AdoMet is 
then used as a substrate for the methyltransferase). The 
bacteria were then placed on a filter within a sterile 
chamber (Fig. 6). Buffer was pumped past the cells and the 
radioactive methanol liberated by the cells was collected 
with the buffer in mall fractions (approximately 0.8-min 
, intervals). At designated times a buffer containing a 
stimulus was passed through the filter and after a certain 
time interval the original buffer was reintroduced (Fig. 
6). A 0.15-ml aliquot of the fraction was transferred to a 
microfuge tube which was then placed within a vial con-
taining scintillation fluid (Fig. 4; see Materials and 
Methods). The methanol present in the aliquot distilled 
into the scintillation fluid by vaporizing then dissolving 
into the fluid. Methanol is very volatile; hence, radio-
active methanol would distill more rapidly than other 
radioactive compounds, particularly methionine. The dis-
tillation process became a simple means for extracting and 
measuring the radiolabelled methanol excreted by the bac-
teria. 
The original methylesterase assay was developed using 
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Figure 6. Diagram of the apparatus used to measure protein 
methylesterase activity. The bacteria were added either by 
syringe or by pumping them onto the filter from the centri-







Esehetichia coil (Kehry et al. 1985b). It was necessary to 
optimize the assay for use with Ealmonella iyphimmtimm 
which is the strain used for most chemotaxis studies in 
this laboratory. The S. Iyphimmtium strains were smaller 
than the E. =Ili strains as observed through the micro-
scope. Hence, more cells were needed for the assay. It 
was determined that 2 x 10
9 
cells was the optimal sample 
size for the assay. Fewer cells did not liberate enough 
radioactivity after the addition of a stimulus and more 
cells clogged the filter. 	Sartorius Minisart filters (0.2- 
wm diameter pores) were found to be superior to the Gelman 
Acrodisc filters. Air bubbles, probably caused by nonuni-
form wetting of the Acrodisc filter, prevented an even flow 
of buffer. The results of the assay did not appear to be 
affected by this uneven flow, but the Minisart filters were 
used to eliminate any possible problems. 
Placing the pump downstream of the filter gave similar 
results to placing the pump upstream. Most of the assays 
were performed with the pump placed upstream of the filter 
(Fig. 6). Only the recommended tubing (silicone rubber, ID 
1.3 mm) was used for the pump; however, 1.0-mm ID tubing 
was used between the filter and the drop-head of the frac-
tion collector. The flow path was kept as short as possi-
ble to reduce mixing. 
To determine which fraction would contain the initial 
stimulus and cellular response, buffer containing cold 
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methanol was pumped through the system. At a designated 
14c]  time the buffer was changed to one containing [ 	methanol 
and after a period of time returned to the buffer with the 
cold methanol. It was determined that two to three frac-
tions were collected before the [14,1 imethanol -con t ai n ng 
buffer reached the collection tubes and another four to six 
fractions were collected before the stimulus reached its 
maximum concentration (Fig. 7). The delay in reaching the 
maximum concentration was attributed to mixing of the 
radioactive buffer with the original buffer present in the 
tubing and filter housing. 
The assay procedure developed by liehry et al. (1984) 
used a Tris-based buffer, but in our experiments the hiaE 
strains could not be sufficiently depleted of ATP in the 
Tris buffer (Table 3). Histidine starvation is routinely 
•carried out in VBC supplemented with glucose (Galloway and 
Taylor 1980). The ATP levels within the bacteria decrease 
to between 1% and 4% of those levels present before 
starving. If the bacteria starved in VBC with glucose were 
subsequently suspended in the Tris-lactate buffer, the ATP 
levels rose to about 30% of the unstarved levels (Table 3). 
As a result, a VBC-based buffer was selected for the meth-
ylesterase assays involving cells depleted of ATP by histi-
dine starvation. 
Methylesterase activity and alteration of the activity 
by a stimulus should be normal in a VBC-based buffer. The 
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Figure 7. Plot of [14CJmethanol in the collected frac- 
tions. 	[ 4C} Methanol was added and removed as fractions 13 



















Table 3. Effect of buffer composition on ATP depletion in 




Starvation in VBC with glucose 
	 3.0 
Starvation in Tris-lactate 
	 21.3 
Starvation in VBC with glucosg. then 
suspension in Tris-lactate 
	
30.9 
I. S. typhimmium ST23 was grown at 30°C in VBC supple-
mented with glucose, thymine and histidine to early-log 
phase. The cells were washed by centrifugation twice and 
suspended either in VBC with glucose or in Tris-lactate. 
ATP levels were determined before washing and 4 h after the 
first wash using the luciferin/luciferase method described 
in Materials and Methods. The ATP levels are expressed as 
the percentage of the levels before starvation. 
2. A portion of the cells starved in VBC with glucose was 
washed by centrifugation twice and suspended in Tris-
lactate. The ATP levels in this portion were measured 
after suspension. 
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liberation of methanol from the cells should not be 
affected by the buffer either. However, vapor-phase trans-
fer (distillation) of methanol from the microfuge tube into 
the scintillation fluid (Beta Phase) might be. Early 
studies by S. T. Berg and M. S. Johnson (unpublished obser-
vations) in our laboratory demonstrated that 83% to 85% of 
[k4 14-1 the 	methanol in distilled water was transferred to the 
scintillation fluid within 18 hours. Kehry et al. (1984) 
reported that 45% to 60% of [14CJmethanol in the Tris-
lactate buffer was transferred to the scintillation fluid 
within 14 to 18 hours. This indicated that the buffer used 
for the assay may affect the transfer rate and amount. In 
order to verify the results of Kehry et al. (1984) and to 
establish the methanol transfer rate from the VBC buffer, 
transfer of [14Clmethanol from both Tris-lactate buffer and 
VBC buffer to the scintillation fluid was examined as a 
function of time (Fig. 8). About 60% of the methanol was 
transferred from Tris-lactate buffer to the scintillation 
fluid after 14 hours, but greater than 90% of the methanol 
was transferred from VBC buffer to the scintillation fluid 
after 10 hours. 
The samples were counted as soon as possible after 
methanol distillation neared the plateau because with 
longer distillation times, more scatter was observed in the 
curves (Fig. 9). This was attributed to an increase in the 
amount of nonspecific, less volatile radioactivity 
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Figure •8. Plot of the percentage of [14CJmethano trans-
ferred (distilled) from the microfuge tube to the scintil-
lation fluid as a function of time. The [ 14Cimethanol which 
distilled from the Tris-lactate buffer (LS) or VBC buffer 
(0) in the microfuge tube to the scintillation fluid was 
expressed as a percentage of radioactivity observed when 
[ 14Cimethanol was added directly to the scintillation 
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Figure 9. Protein methylesterase activity in a. Inhimu-
Limm ST23 after a) 10 h and b) 18 h of distillation. The 
cells were grown and the assay was performed as described 
in Fig. 5 and Materials and Methods. The vials, however, 















distilling into the scintillation fluid as reported by 
Kehry et al. (1984). The distillation was commenced a few 
minutes after the fractions were collected to minimize loss 
of the methanol from the collection tubes. 
As recommended by Kehry et al. (1984), [I4C]methanol 
was included in the buffer as an internal control for dif-
ferences in the efficiency of distillation which occurred 
in different vials. Without this control the data appeared 
scattered and no pattern was discerned. Also, the 
[3H]methanol in the scintillation fluid increased slightly 
with each successive vial yielding an upward slope of the 
methanol curve. The [14Cimethanol control eliminated this 
effect because the control also increases with each vial. 
The [IfiJmethanol evolved from the cells follows an 
exponential decay pattern as reported by Kehry et al. 
(1984). The decay pattern can be linearized by plotting 
the Ofi1/[14C] ratio on a semilog graph (Fig. 10). 	(The 
initial peak was from excess Offlmethanol present in the 
sample when it was loaded onto the filter.) The linearized 
plot also shows methylesterase activity, called steady-
state activity, in the absence of a stimulus. Kehry et al. 
(1984) reported a fast and a slow component to this activ-
ity which is evident as a slight upward curving of the 
semilog plot. I found no curving in my plots over the 
time period in which the assay was run (about 80 min maxi-
mum). Hence, my steady-state methylesterase activities 
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Figure 10. Normal steady-state protein methylesterase 
activity in unstimulated a. Iyphimutium ST23. The cells 
were grown and the assay was performed as described in Fig. 
5 and Materials and Methods, except that only one buffer 
(not containing a stimulus) was pumped through the tubing 


















were calculated assuming one component in the decay (Fig. 
10). 
Addition of an attractant stimulus (a mixture of 0.5 
mM each of serine, aspartate and ribose) yielded a tran-
sient decrease in methylesterase activity (evidenced by a 
decrease in methanol evolution). The activity returned to 
baseline after the cells adapted to the stimulus. This 
response of the methylesterase to the attractant produced a 
valley in the steady-state curve (Fig. 11). The removal of 
the attractants (a repellent stimulus) yielded a transient 
increase in methylesterase activity which returned to base-
line when the cells adapted to the stimulus (Fig. II). The 
result was a peak in the steady-state curve. These changes 
in methylesterase activity in response to stimuli are here-
after referred to as stimulus-altered methylesterase activ-
ity, the attractant response is referred to as a valley and 
the repellent response as a peak. Figure 5 is a typical 
assay of methylesterase activity in S. iyphimurimm ST23 and 
Figure 11 an assay of activity in E. call RP437. No dif-
ferences were observed between the two species. 
A.1.b. Protein methylesterase function and ATP. 
Stimulus-altered methylesterase activity was examined in a. 
inbimmtimm ST23 depleted of ATP by histidine starvation. 
The valleys and peaks were smaller in the ATP-depleted 
cells than in unstarved control cells. The magnitude of 
the responses (Table 4), which was determined by 
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Figure 11. Protein methylesterase activity in E. 
RP437. The cells were grown to mid-log phase in VBC with 
glycerol and the amino acids and vitamins listed in Mate-
rials and Methods. The assay was performed as for S. 





















Table 4. Comparison of intracellular ATP levels and the 
magnitude of the attractant- and repellent-altered methyl-
esterase responses' 
Stimulus 	Time 	Magnitude2 	P Value3 	ATP 4  
Attractant 	0 	1.821 +0.59 	 100 
Repellent 2.249 +0.59 
Attractant 	i 	1.895 ±0.80 	NS 	19.2 
Repellent 2.254 +0.25 NS 
Attractant 	2 	1.319 +0.45 	NS 	 9.6 
Repellent 1.540 ±0.15 <0.01 
Attractant 	3 	1.477 ±0.25 	<0.10 	4.6 
Repellent 1.734 +0.22 <0.02 
Attractant 	4 	1.322 ±0.31 	<0.05 	3.3 
Repellent 1.206 ±0.27 <0.01 
Attractant 	5 	 2.8 
Repellent 4M. 
1. Stimulus-altered protein methylesterase assays were 
performed as described in Fig. 5 and Materials and Methods, 
except that histidine was omitted from the VBC buffer. The 
collection of fractions began at time indicated ± 5 min. 
2. The magnitude of the response was calculated by geomet-
ric integration of the areas defined by the extrapolated 
baseline (determined using linear regression) and the val-
ley (attractant) or the peak (repellent). Result is given 
in arbitrary units ± standard error of mean. 
3. P values were obtained using the Student's t-Test. 
NS = not significant. 
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Table 4. Continued. 
4. A portion of the cells which were not used for the 
methylesterase assay was used for measuring ATP concentra-
tions by the luciferin/luciferase assay described in Mate-
rials and Methods. The levels are expressed as percent of 
the level before histidine starvation. 
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integrating the area defined by the valley or peak and the 
extrapolated baseline, decreased and became more signifi-
cant as starvation progressed. The magnitude of the 
response did not decrease until ATP levels dropped below 5% 
(after 1 h), that is the ATP level at which tumbling fre-
quency begins to be affected (Shioi et al. 1982). The 
fractional decrease in the methylesterase response was sub-
stantially less for attractant stimuli than the decrease in 
tumbling frequency (Fig. 12). This suggested that whereas 
tumbling frequency was directly dependent on the ATP con-
centration the regulation of methylesterase activity was 
not directly dependent on ATP. In other words ATP is not 
directly required for synthesis of the intermediate in the 
signaling pathway that regulates the methylesterase. The 
differences between fractional changes in tumbling fre-
quency and changes in methylesterase response to repellent 
stimuli was not as clear. However, considering both 
attractant- and repellent-altered methylesterase activity, 
it seems likely that the change in activity that was 
observed was due to a factor that was secondary to deple-
tion of ATP. 
In contrast to methylesterase regulation the loss of 
the ability of E. Uphimutimm ST23 to respond to the repel-
lent leucine during histidine starvation correlated with 
the decrease in tumbling frequency (Table 5) and suggested 
a common parameter for tumbling and responses to 
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Figure 12. Plot of the tumbling frequency (o), and 
stimulus-altered (attractant <>, and repellent A) protein 
methylesterase activity in S. typhimmtium ST23 during his-
tidine starvation showing the patterns present. The values 
for the stimulus-altered methylesterase activity are those 
listed in Table 4. 
Tumbling Frequency 00 
so 
• 	 • 
Magnitude of Response 
89 
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Table 5. Effect of histidine starvation on steady-state 
motility pattern and responses to leucine in E. typhimmtimm 
ST23 I 
Time 	Motility Pattern 	Repellent ° 	ATP 3 
(h) Responses' 
0 	 random 	 100 	 100 
1 random 100 37.5 
2 	mostly smooth 	 90 	 11.4 
3 smooth 	 40 6.1 
4.5 	 smooth 10 	 5.3 
1. The cells were grown to early-log phase in VBC with 
glucose, thymine and histidine at 300C. The cells were 
then washed twice by centrifugation and suspended in the 
same medium without histidine. Starvation times are mea-
sured from the end of the first wash. The motility pattern 
was examined under the microscope. 
2. Leucine (15 mM final concentration) was rapidly added 
to a drop of the cells on the microscope stage and the 
presence of a tumbling response noted. The responses are 
expressed as the percent of times a repellent response was 
noted (n = 10). 
3. ATP levels were measured by the luciferin/luciferase 
assay as described in Materials and Methods. The levels 
are expressed as percent of the concentration present 
before histidine starvation. 
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repellents. At times from 2 to 4 hours, the cells were 
variable in leucine responses. 	In one instance the cells 
responded to a step increase in leucine but did not respond 
in the next. It is not clear why this occurred but the 
fraction of trials in which the cells responded proved to 
be a useful measure of the leucine response. 
During the preceding study a slight change was noted 
in the slope of the baseline of methanol evolution between 
the valleys and the peaks in starved cells. This prompted 
an investigation of steady-state methylesterase activity 
during ATP depletion of S. Iyphimutimm ST23 in the absence 
of a stimulus. Steady-state methylesterase activity 
decreased (half-life of the methyl groups increased) as the 
ATP concentration decreased but appeared to follow a dif-
ferent time-course than the tumbling frequency (Fig. 13). 
Tumbling frequency began to decrease after one hour of 
starvation but steady-state methylesterase activity did not 
decrease until after three hours. Steady-state methyles-
terase activity like stimulus-altered activity may have 
decreased as a result of decrease in a factor which is 
depleted secondary to ATP depletion. 
Steady-state protein methylesterase activity in a. 
iyphimumium ST23 and E. =Li RP437 depleted of ATP by arse-
nate treatment was examined. The arsenate buffer was com-
posed of 10 mM PIPES (pH 7.0), 0.6% glucose or 1% glycerol 
as carbon source, 1 mM sodium arsenate, 0.1 mM K-EDTA, 1 mM 
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Figure 13. Plot of the ATP concentration (o, expressed as 
the percentage of the concentration in normal, unstarved 
cells), tumbling frequency (A), and steady-state protein 
methylesterase activity () in a. Iyphimutimm ST23 during 
histidine starvation. At the indicated times ATP levels 
were measured by the luciferin/luciferase assay and the 
tumbling frequency was determined by the photographic 
method as described in Materials and Methods. Steady-state 
methylesterase assays were performed as described in Fig. 
11 and Materials and Methods. No histidine was present in 
the VBC buffer. The methyl half-life was determined from 
the slope of the methylesterase semilog plot using the 
equation 









M004 and 1 mM (NH 4 ) 2 SO4 (see also Materials and Methods). 
A concentration of 1 mM sodium arsenate was selected 
because higher concentrations were detrimental to the cells 
(no cellular motility observed and the ATP levels were fre-
quently less than 1% of the levels before arsenate treat-
ment) and lower concentrations did not reduce the ATP 
levels sufficiently (to less than 5% of normal levels). 	If 
cells grown in VBC with glucose as the carbon source were 
suspended in arsenate buffer containing glycerol as the 
carbon source, the motility became sluggish shortly after 
suspension. This was probably due to a lack of sufficient 
glycerol catabolic enzymes, particularly glycerol kinase 
which is normally induced in cells grown on glycerol. A 
similar result was obtained with cells grown in VBC with 
glycerol as the carbon source and suspended in arsenate 
buffer with glucose as the carbon source. The measured 
extracellular ATP levels of the arsenate-treated cells were 
essentially background. Hence, it was not necessary to 
measure the extracellular levels in arsenate-treated cells, 
and the ATP concentration measured in the sample was con-
sidered to be that of the intracellular pool. 
ATP levels of less than 3 x 10-11 M could not be mea-
sured accurately by the luciferin/luciferase method. Mea-
surement of a 1 x 10-11 M standard sample gave counts simi-
lar to those of a background sample containing only the 
buffer, luciferin and the luciferase enzyme. A 
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satisfactory standard curve could not be obtained with a 
1 x 10-11 M standard. The counts of the extracellular 
filtrate of the arsenate-treated cells were similar to the 
counts of the 1 x 10-11 M standard sample and the back-
ground sample and, hence, were considered background. 
The arsenate buffer that was used to deplete the cells 
of ATP was also used for the methylesterase assays. Figure 
1 14 shows the transfer of  r4 Cimethanol from the arsenate 
buffer into the scintillation fluid. After six hours, 
approximately 40% of the methanol had transferred to the 
scintillation fluid and this level did not increase sub-
stantially. As a result the samples were counted after six 
hours. The transfer pattern resembles the pattern observed 
when the methanol distilled from Tris-lactate to the scin-
tillation fluid (Fig. 8). The presence of the organic 
buffering agents in the Tris-lactate and arsenate buffers 
may have restricted the transfer of the methanol from the 
buffer to the scintillation fluid by increasing the solu-
bility of the methanol in the buffer. Similar effects have 
been observed on oxygen solubility in different buffers 
(Thomasset et al. 1984). This increased solubility of the 
methanol would hinder methanol vaporization and, as a 
result, would hinder methanol transfer to the scintillation 
fluid. This hypothesis was not verified. 
Steady-state methylesterase activity did not decrease 
in E. iyphinnuium ST23 or E. eon RP437 depleted of ATP 
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Figure 14. Plot of the percentage of[14C]methanol trans-
ferred from microfuge tube containing 0.15 ml arsenate 
buffer to the scintillation fluid. The procedure was the 
same as that described in Fig. 8, except that arsenate 
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using arsenate (Table 6). (The large difference between 
the MO strains WAS probably due to the PIPES buffer used. 
Earlier methyl half-lives in B. Iliphimatimm ST23 were 
approximately 14 min [Fig. 131.) Steady-state activity did 
not decrease in E. anti RP3000 (AcheYZ aty112) or RP3068 
(Achen sayBID). The change observed in E. es1.0. RP3001 
(AcheYZ se;1113) may be an artifact because RPM°, which 
differs from RP3001 only in the type sellA mutation, did 
not exhibit such a change. Although the mutation may 
affect methylesterase activity, it is not considered likely 
because there is no evidence that the product of the gene 
in which the mutation maps, FlaA, interacts with the meth-
ylesterase. 
Since no change in .steady-state methylesterase activ-
ity in arsenate-treated cells was observed, stimulus-
altered methylesterase activity was not examined. As noted 
above', steady-state methylesterase activity decreased to A 
greater extent than stimulus-altered activity in histidine-
starved S. Iyphimutium ST23. However, it is clear that 
arsenate did not decrease steady-state methylesterase 
activity as reported by M. S. Springer (personal communica-
tion). 
The observations made using histidine starvation and 
arsenate treatment to deplete intracellular ATP indicate 
that some factor which affects methylesterase activity was 
depleted with histidine starvation but not with arsenate 
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Table 6. Steady-state methylesterase activity in mutants 
deleted for eheYZ and containing an sey mutation l  
2 Methyl Half-life (min) Strain 	 ATP 3 
Without 	 With 
Arsenate Arsenate 
ST23 	wild type 



















1. The cells were grown in VBC at 30°C to between early-
and mid-log phase. Steady-state methylesterase assays were 
performed in PIPES buffer (the arsenate buffer minus the 
arsenate) without stimulating the cells (see Fig. 10). The 
methyl half-life was calculated as described in Fig. 13. 
The cells were then washed by centrifugation twice and 
suspended in arsenate buffer. The steady-state methyles-
terase assays (of the arsenate-treated cells) were per-
formed 4 h after the first washing in the arsenate buffer. 
2. The type of switch mutation in the E. epli mutants 
deleted for cheYZ (RP3000, RP3001 and RP3068) is given in 
parenthesis. a. Inalimumium ST23 and E. enli RP437 are the 
control strains. 
3. The luciferin/luciferase assay was used to measure ATP 
concentrations before and 4 h after the first wash. Con-
centrations are expressed as percent of the concentration 
before treatment with arsenate. 
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treatment. A possible candidate was AdoMet. Histidine 
starvation depletes the entire adenine nucleoside triphos-
phate molecule (Shedlovsky and Magasanik 1962a and 1962b) 
but arsenate treatment only competes with the phosphate 
groups. It may be possible to synthesize more AdoMet with 
arsenate treatment than with histidine starvation because 
with histidine starvation an entire adenine nucleotide must 
be synthesized, whereas with arsenate treatment an arse-
nate .group must be replaced with a phosphate on the adenine' 
- nucleotide. 
. The effects of AdoMet on steady-state methylesterase 
activity were examined in B. typhimutium ST23 to determine 
if the Above. hypothesis WAS true. Steady-state methyles-
terase activity in histidine-starved cells, like tumbling, 
was restored by the addition of 0.1 mM adenine. to the 
cells (Table 7). 	If cycloleucine (50 mM; which inhibits 
adenosylmethionine synthetase) WAS added prior to the addi-
tion of adenine, methylesterase activity was not recovered, 
but tumbling was (Table 7). This suggested that steady-
state methylesterase activity was affected by AdoMet deple-
tion and that tumbling was not. The effect on tumbling 
confirmed the report of Shioi et al. (1982) that tumbling 
does not require AdoMet but another energy source. 
AdoMet does not freely cross the cell membrane but it 
can enter permeabilized cells. Cells can be permeabilized 
by treatment with relatively high levels of EDTA (10 mM) 
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Table 7. Steady-state methylesterase activity in 
histidine-starved and permeabilized E. Uphimutium ST23 
before and after the addition of adenine' 
Condition of cells Methyl half-life (min) 


















I. Methyl half-life was determined as described .in Fig. 13 
in unstarved, histidine-starved (4 h) and permeabilized 
(unstarved) cells in VBC. (Tumbling frequencies were 
assessed by observing the change in the motility pattern of 
the cells when adenine was added. The permeabilized cells 
were nonmotile.) 
2. Adenine was added to the buffer to a 0.1 mM final con-
centration. 
3. Cycloleucine (50 mM final concentration) was added one 
fraction before adenine WAS added. 
4. Ada/let (0.5 mM final concentration) added to buffer 
instead of adenine. 
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and a mall amount of toluene (0.14%). The procedure 
developed by Stock et al. (1984) was used to permeabilize 
a. uphimutium ST23 which had been incubated with 
[methyl-3H]methionine for the methylesterase assay (see 
Materials and Methods). In brief, the cells were centri-
fuged after incubation and suspended in VBC with EDTA. 
Toluene was then added and the cells were incubated for 10 
min. The toluene was then removed by centrifugation and 
the cells suspended in VBC containing EDTA and loaded onto 
the filter for the methylesterase assay. Using this pro-
cedure J. Shioi (unpublished observation) was able to label 
the transducer proteins with [methyl-3H]AdoMet in perme-
abilized E. cold RP437. 
Methylesterase activity in permeabilized E. Uphimm-
tium ST23 was similar to that in histidine-starved ST23 and 
increased (methyl half-life decreased) toward normal levels 
with the addition of 0.5 mM AdoMet to the flow buffer 
(Table 7). These effects of AdoMet on methylesterase 
activity could explain changes in methylesterase activity 
observed during histidine starvaton. The effect of AdoMet 
on methylesterase activity might be an indirect result of 
the methylation state of the transducers. A lack of AdoMet 
inhibits protein methyltransferase activity and yields a 
decrease in transducer methylation levels (Goy et al. 1977; 
Springer and Koshland 1977). This could result in a 
decreased rate of demethylation by the mee (see 
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Discussion). However, this does not explain why methyles-
terase activity is unchanged in arsenate-treated cells. 
AdoMet levels are decreased in both histidine-starved and 
arsenate-treated a. Iyphimmtium ST23 (M. S. Johnson, L. S. 
Wong and B. L. Taylor unpublished observation). This is 
not consistent with the hypothesis and casts uncertainty on 
the hypothesis. 
A.1.c. Other aspects of methylesterase function. If 
buffer containing a repellent instead of an attractant is 
pumped through the tubing and filter of the methylesterase 
assay apparatus (Fig. 6) and removed after a designated 
period of time, the valley and peak would be reversed on 
the semilog plot of the 01-11/[14C] ratio (that is, the peak 
would appear first, then the valley). However, under nor-
mal methylesterase assay conditions no peak in methanol 
evolution was observed. This was attributed to dilution of 
the methanol peak by mixing in the tubing and filter 
housing. The peak was expected to be small since repellent 
responses are very brief (Tsang et al. 1973). The attrac-
tant response (removal of the repellent) was present as 
expected. Methylesterase responses to the addition and 
removal of a repellent were observed in E. Iliphimutimm ST23 
when the buffer was pumped through the filter at twice the 
normal speed (Fig. 15). Note the small repellent peak and 
large attractant valley. 
E. enli mutants deleted for both cheY and cheZ (RP3000 
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Figure 15. Protein methylesterase activity in E. iyphimm-
tium ST23 stimulated by a repellent. The cells were grown 
and the assay was performed as described in Fig. 5 and 
Materials and Methods, except that a repellent mixture com-
posed of 7 mM leucine and 2 mM phenol was added and removed 
at fraction 8 and 28, respectively. 














































['hen sayA2], RP3001 [Achen seyill] and RP3068 [then 
azyB1111) were examined in order to determine if cheZ and 
eita are required for regulation of the methylesterase. 
These mutants showed a normal repellent response (a peak) 
but a slow attractant response (a broad valley) (Fig. 16). 
F. W. Dahlquist (personal communication) showed a slow 
methylesterase response to an attractant stimulus in a cheZ 
mutant and no effects- on methylesterase activity in a cha 
mutant. This indicated that the CheZ protein may be 
involved in regulating the response of the methylesterase 
to an attractant stimulus. The CheY protein was assumed 
not to be required for regulation of methylesterase activ-
ity. 
Since normal steady-state and stimulus-altered methyl-
esterase activity did not appear to directly require ATP, 
and since work by C. B. Russell and F. W. Dahlquist (per-
sonal communication) indicate that the CheA and CheW pro-
teins are required for regulation of these activities and 
that the CheZ protein may be involved in regulating attrac-
tant-altered methylesterase activity (F. W. Dahlquist per-
sonal communication), a direct requirement of ATP by the 
CheA, the CheW and, perhaps, the CheZ proteins seemed 
unlikely. 
A.2. Examination of switch and motor 
Since ATP is not required for normal transducer func-
tion and adaptation (Taylor et al. 1985) and since ATP did 
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Figure 16. Protein methylesterase activity in E. call 
RP 3068 (Aohen seyB111). The cells were grown in VBC with 
glycerol •and the amino acids and vitamins listed in Mate-
rials and Methods at 30°C to mid-log phase. The assay was 
performed as described in Fig. 5 and Materials and Methods. 
The broken line represents the steady-state methylesterase 
activity. E. =Ili RP3000 (hen acyA2)and RP3001 (Achen 
























not appear to be directly required for global regulation of 
protein methylesterase by the CheA, CheW and CheZ proteins, 
the possible requirement of ATP for switching was examined. 
Mutants (E. coil RP3000, RP3001 and RP3068) in which signal 
transmission to the switch was eliminated by deletion of 
the ehei and cheZ genes were used as the means of examining 
the switch (Parkinson et al. 1983). The CheY and CheZ pro- 
teins interact with the switch: 	the CheY protein binds to 
the switch and initiates clockwise rotation of the motor; 
the CheZ protein counteracts the CheY protein-induced tum-
bling (Kuo and Koshland 1987; Wolfe et al. 1987). The 
eheYZ mutants also contained a theY second-site suppressor 
mutation, ley, in either the flail (RP3000 [seyA2] and 
RP3001 [sayA3]) or flaB (RP3068 [se103111]) switch genes 
(Parkinson et al. 1983). (The acy mutations were identi-
fied by selecting from a cheY mutant revertants which 
exhibited a normal tumbling pattern.) The sey mutations 
restored enough tumbling to the cells to observe the 
effects of ATP depletion. 
The cheYZ deleted mutants (RP3000, RP3001 and RP3068) 
did not have a hisl mutation so an arsenate buffer (see 
section A.1.b. and Materials and Methods) was used to 
deplete the bacteria of ATP. Treatment of the mutants with 
arsenate did not result in a significant change in the tum-
bling frequency (Table 8). Since these mutants exhibit 
tumbling in the absence of ATP, it can be concluded that 
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Table 8. The effects of ATP on the tumbling of mutants 
deleted for chaZ and carrying an acy mutation' 
Strain2  
Tumbling Frequency (90 ATP 















86.2 81.1 2.3 







85.1 80.8 2.7 
1. The cells were grown to early-log phase in VBC with 
glycerol at 30°C. The cells were washed twice by centrif-
ugation and suspended in an arsenate buffer (see Materials 
and Methods) then allowed to starve for 4 h at 30°C. A 
portion of the prewashed and the starved cells were diluted 
10-fold and used for determining tumbling frequencies (see 
Materials and Methods). The tumbling frequencies are 
expressed as the percentage of cells exhibiting tumbling 
during the 1-s photographic exposure. The luciferin/luci-
ferase assay (see Materials and Methods) was used to mea-
sure ATP levels of the prewashed and the starved cells. 
The ATP levels are expressed as the percent of the level 
before treatment with 1 mM arsenate. The values for the 
tumbling frequencies and ATP levels were the average of 
determinations made on two separate experiments. 
2. The type of switch mutation in the E. =Ili strains is 
given in parenthesis. E. Cpli RP437 is the wild-type 
strain. 
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ATP is not required by the switch for changing the direc-
tion of rotation of the motor. Clockwise and counter-
clockwise flagellar rotations still occur in cells depleted 
of ATP. 
A.3. CheY protein and the switch 
The effects of ATP depletion on the CheY protein-
induced tumbling were then investigated. The CheY protein 
normally induces clockwise rotation of the motor. An E. 
strain (HCB326, called "gutted") deleted of the eh, 
cheW, g1i, cheY, cheZ, _tat, lap and Jar genes and con-
taining a Tnifl element inserted into the hg gene (Wolfe et 
al. 1987) was transformed with E. enli ColEl-derived plas-
mids containing a normal ella gene (pC163) and a mutated 
ch2Y gene (pCK65). The cheY genes were under the control 
of the Iae promoter and were induced with isopropyl-a,D-
thiogalactoside (IPTG). The transformant, E. ectli BT3077 
(plag-cherf ), was unique in that only the CheY protein-
induced tumbling was observed. E. coil BT3076 (p1ac-cher) 
served as a control for nonspecific effects produced by the 
plasmid. 
Induction of the eheY gene in strain BT3077 (cherf ) 
with 30 OW IPTG yielded a constantly-tumbling bacterium. 
Treatment of the cells with arsenate suppressed the tum-
bling (Table 9). Induction with 1.0 mM IPTG also yielded a 
constantly-tumbling bacterium, but arsenate treatment did 
not suppress the tumbling. This suggested that at reduced 
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Table 9. The effects of the CheY protein and ATP levels on 
tumbl ing frequency 
IPTG 
Strain 	(mM) 
Tumbling Frequency (90 ATP 


























I. The E. =di cells were grown to early-log phase in VBC 
with glycerol at 30°C. IPTG was added to the cells (final 
concentration as indicated) and the cells were allowed to 
continue to grow for an additional 30 min. The cells were 
then washed and suspended in an arsenate buffer as 
described in Table 8. •The tumbling frequencies and ATP 
levels were determined as described in Table 8 and in 
Materials and Methods and are the average of two experi-
ments. 
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ATP concentrations, the Ole protein levels could be 
increased sufficiently to induce tumbling. This resembles 
the effect mass action has on a reversible reaction. Con-
sider, for example, the following hypothetical reaction: 
ATP + CheY + switch 	tumbling. 
If the ATP concentration is reduced, then the equilibrium 
shifts to less tumbling. If the CheY protein levels are 
increased and the ATP concentration is reduced, then the 
amount of tumbling may not change if the reduction in ATP 
concentration is counterbalanced by increased CheY protein 
concentration. 
Another equally possible reaction (or series of reac-
tions) is the following: 
ATP + CheY 	CheY* (activated), 
CheY A- switch 	> tumbling. 
In this case ATP is used to activate the CheY protein which 
then interacts with the switch to yield tumbling. Such a 
series of reactions would require another protein(s) which 
would activate the CheY protein. However, the results in 
Table 9 were obtained in a strain deleted of all of the 
other known chemotaxis components required for the 
methylation-dependent system including the CheA and CheW 
proteins. Another unknown chemotaxis protein or a nonspe-
cific protein (perhaps a kinase) may perform the activa-
tion. It should be noted that the above reactions are 
hypothetical and do not indicate facts but they may explain 
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the mechanism whereby tumbling is signalled in chemotaxis 
(see Discussion). 
When levels of IPTG between 30 pM and 1.0 mM were used 
to induce CheY protein production in E. gall BT3077, a 
dose-response curve was obtained in the arsenate-treated 
cells (Fig. 17). There was a region in which the concen-
tration of CheY protein was too low to produce tumbling in 
the arsenate-treated cells (the region below 30 pM IPTG), a 
region in which enough ale' protein was present to produce 
tumbling (the region above 300 	IPTG), and a region 
between these two extremes (known as the effective range) 
in which the frequency of tumbling varied in a sigmoidal 
manner. A similar phenomenon might exist in prearsenate-
treated cells but at lower CheY protein levels (the CheY 
protein becomes the limiting substrate instead of ATP). 
It should be noted that the tumbling observed was in 
whole, peritrichously flagellated bacteria and not in sin-
gle flagellated cells or cellular envelopes. Multiple fac-
tors may be at work in the CheY-induced and ATP-depleted 
whole cell system to produce tumbling. Nonspecific inter-
actions between the CheY protein and other cellular pro-
teins could activate the CheY protein or increase the 
interaction of the CheY protein with the switch. Also, a 
specific level of CheY protein, which is able to interact 
with the switch, is required for tumbling to occur. (A 
specific number of motors rotating in the clockwise 
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Figure 17. Plot of the tumbling frequency as a function of 
IPTG added to E. anli BT3076 (o) and BT3077 (A). The cells 
were grown at 300C to early-log phase in VBC with glycerol 
and the amino acids and vitamins listed in Materials and 
Methods. IPTG was added to the final concentration indi-
cated and the cells were allowed to continue to grow for an 
additional 30 min. The cells were then washed by centrifu-
gation twice and suspended in the arsenate buffer. A por-
tion of the cells before washing and 4 h after the first 
wash were used to determine tumbling frequencies using the 
photographic method described in Materials and Methods. 
Closed symbols represent cells before arsenate treatment 
















.01 	.03 	.1 	.3 
log [IPTG] mM 
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direction is required to disrupt the flagellar bundle and 
produce tumbling of the bacterium [Macnab and Koshland 
1974].) It can be concluded, however, that the requirement 
of ATP in chemotaxis is at the CheY protein-switch point. 
ATP is required either for activation of the CheY protein 
or for interaction of the CheY protein with the switch. 
A.4. Escheriehia call hisf mutants 
The hisE mutation permits specific depletion of intra-
cellular ATP levels (Johnson and Taylor 1987) and this 
mutation has helped greatly in studying the role of ATP in 
chemotaxis. However, no E. can hiaE mutants were avail-
able that yielded similar levels of ATP depletion when 
grown in histidine-free medium to those in S. Uphimutimm 
ST23. Previous attempts by Edward Rowsell to isolate such 
mutants in E. alai were unsuccessful. I attempted to iden-
tify a suitable mutant. 
Four E. call strains, designated as hiaE//n, hiaM11, 
his1214 and bisE85.2 (all in an isogenic UTH653 hima=14 
galg2 aiaIAJ.xy1=5 =1=1 zpsL14a Xr A71 background) 
(Garrick-Silversmith and Hartman 1970; Goldschmidt et al. 
1970) were obtained from P. E. Hartman. Each of the 
mutants was tested for depletion of ATP by histidine star-
vation. 
E. 2ali hisEJEW, hisE2114 and bisEBL2 exhibited a more rapid 
decrease in ATP and E. cpli hisE/21 a slower decrease in 
ATP than that observed in E. iyphimutimm ST23 (hisE2/2.6) 
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(Fig. 18, compare Fig. 13). Hence, E. elai hiaERflil, 
hiaE8114 and his1252 represent the first E. coli mutants 
shown to be as effective as 2. typhimutium ST23 in reducing 
intracellular ATP levels by histidine starvation. 
No further studies were performed with these mutants 
because studies of E. typhimutium hisE mutants harboring 
plasmids demonstrated that the plasmids interfered with ATP 
depletion during histidine starvation (see section A.5.). 
Only arsenate treatment could reduce ATP levels below 5% of 
normal. Hence, arsenate was used for ATP depletion in E. 
call and plasmid-containing strains (both E. Uphimutium 
and E. call). 
A.5. Transformation of Salmonella typhiinurimu strains 
S. Iyphimuzimm ST23 (hilf) was transformed with plas-
mids derived from E. call. The transformation involves 
cross species gene transfer which is made difficult by 
species-specific restriction and modification sites. To 
accomplish this cross species transfer, a modification-plus 
and restriction-minus strain of S. typhinuimm, LB5000, was 
used as the recipient of plasmid DNA from E. =Ai. This 
strain contains the normal modification systems of S. 
Uphimatium but also contained mutations in the restriction 
systems (Bullas and Ryu 1983). The restriction and modifi-
cation systems of S. Iyphimutimm are SA, SB and LT. 
Strain LB5000 was transformed with the E. call plas-
mids pBR322, pai63 and pCK65. The plasmids were then 
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Figure 18. Plot of the ATP concentrations (expressed as 
the percentage of the concentration in normal cells) in E. 
can hisE strains during starvation for histidine a) 
his1/21, b) hiEflQ, c) hiaM4 and d) hiaE11.52. The cells 
were grown at 30°C to early-log phase in VBC with glucose, 
thymine and histidine. They were washed twice by centrifu-
gation and suspended in the same medium without histidine. 
The cells were allowed to grow at 30°C. At the indicated 
times ATP levels were determined by the luciferin/luciferase 

















isolated from LB5000 and used to transform S. Iyphilmaimm 
ST23. Another problem was encountered: E. typhimuLium 
restriction and modification systems are temperature sen-
sitive (Colson and Van Pel 1974). The SB restriction and 
modification system and the SA restriction system are 
inactive at 42°C and fully active at 30°C. The LT restric-
tion and modification system and the SA modification system 
are active regardless of the temperature (from 30 to 42°C) 
(Colson and Van Pel 1974). To alleviate the problem of 
incomplete restriction-modifiction system function at 37°C, 
the plasmids were isolated from cells grown at 30°C to 
obtain full modification and transformed into cells grown 
at 42°C where MO of the three restriction systems are 
inoperable. Even with this adjustment, transformation from 
one B. inhinumium strain to another was not as efficient 
as from one E. 2D1i strain to another (Table 10). 
After a. Illphimmium ST23 was transformed with pCK63 
and pCK65 1 the phenotypes of the transformants were veri-
fied. B. typhimimium BT624, purported to contain pCK63 
(chals plasmid), was not as tumbly as strain BT625, pur-
ported to contain pai65 (cher plasmid). Analysis of the 
swarming ability of the strains on tryptone semisoft plates 
revealed that strain BT624 swarmed to a diameter of 18 mm, 
similar to the swarm of S. Iyphimuzimm ST23 (21 mm), and 
that strain BT625 swarmed to diameter of 5 mm after incuba-
tion at 30°C for six hours. This indicated that E. 
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Transformation frequency2  
1231 to 1231 
1231 to LB5000 
LB5000 to LB5000 





1. The transformations were performed as described in 
Materials and Methods. 1231 (r- m+) is an E. con strain 
and LB5000 (r- mis ) and ST23 (r+ m+) are S. typhimmtium 
strains. 
2. The frequencies were determined from all transforma-
tions with pBR322 and are expressed as the number of 
colonies obtained per 10 ng of plasmid DNA used (extrapo-
lated from the linear portion of the transformation 
curve). 
3. Only four colonies obtained from repeated experiments 
(total of 307.5 ng of plasmid DNA used). 
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Uphimuzimm BT625 might contain the cherf plasmid and that 
strain BT624 might contain the cher plasmid. The cheY 
genes of the transformants were then induced with 1 mM IPTG 
for 30 min, the cells lysed and the proteins analyzed on a 
12.5% SDS polyacrylamide gel as described in Materials and 
Methods. The lane containing proteins from strain BT625 
revealed an increased amount of a protein band migrating 
near the dye front. Therefore, it was concluded that 
strain BT624 had the cheY-  plasmid (pCK65) and strain BT625 
had the cheY+ plasmid (pCK63) and that the plasmid con-
tainers received from the Koshland laboratory were labelled 
incorrectly. 
S. iyphimmtium BT624 (pCK65), BT625 (pCK63) and BT634 
(pBR322) were tested for depletion of intracellular ATP by 
histidine starvation. The ATP levels in these strains only 
decreased to between five and ten percent of the prestarva-
tion levels (Table 11). These levels are not below the 
threshold concentration of ATP required for tumbling (Shioi 
et al. 1982) and, hence, were not useful for studies of the 
role of ATP in chemotaxis. Only the arsenate buffer 
reduced the intracellular ATP levels satisfactorily in the 
plasmid containing strains (Table 11). Therefore, all ATP 
studies involving plasmid-harboring strains used arsenate 
treatment to deplete intracellular ATP. 
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Table 11. Comparison of intracellular ATP levels in S. 
iyphimutimm strains harboring plasmids after depletion of 
ATP by histidine starvation or arsenate treatment' 














BT634 pBR322 9.5 0.5 
I. 	The cells were grown to early-log phase in VBC with 
glucose, thymine and histidine. They were then washed by 
centrifugation twice and suspended in either VBC with 
glucose and thymine (histidine-depleted) or an arsenate 
buffer (arsenate-treated; see Materials and Methods). 
Before washing and 4 h after the first wash, the ATP con-
centrations were measured by the luciferin/luciferase assay 
described in Materials and Methods and are expressed as 
percent of the intracellular concentration before treat-
ment. 
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B. Convergence of the methylation-dependent and 
methylation-independent systems 
Previous work had demonstrated that the methylation-
independent systems of chemotaxis do not require the meth-
ylated transducers, protein methyltransferase or protein 
methylesterase (Niwano and Taylor 1982; Dang et al. 1986). 
Since the methylation-dependent and methylation-independent 
systems must utilize the same motor and flagellar struc-
tures, the pathways must converge at or before the motor 
switch. 
The work presented in this section was done in collab-
oration with workers in the laboratory of H. C. Berg, par-
ticularly A. J. Wolfe. Dr. Berg's laboratory has identi-
fied the minimal number of components required to elicit a 
response to the attractant aspartate and the repellent 
nickel (Wolfe et al. 1987). 	It was suggested that aero- 
taxis and PTS taxis might require fewer components than 
those required for a response to aspartate and nickel (A. 
J. Wolfe personal communication). Dr. Berg's goal of 
establishing a simple system which mediates a chemotactic 
response and our goal of establishing the point of conver-
gence of the methylation-independent systems with the 
methylation-dependent system would involve using many of 
the same mutants. Since our laboratory is setup for 
studying responses to oxygen and Dr. Berg's laboratory had 
the mutants and the means to construct additional ones, a 
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collaboration was arranged. 
B.1. Switch and motor 
The first step in determining the site of convergence 
was to look for responses to oxygen and the PTS sugars in 
the "gutted" E. =Li strain HCB326 (see Table I and section 
A.2.). This strain contained none of the genes required 
for the methylation-dependent system, except the motor and 
switch. The "gutted" strain, however, exhibited a smooth 
motility pattern which would mask any response, either 
smooth-swimming or tumbling, to oxygen and the PTS sugars 
that might be present. Dang et al. (1986) reported that a 
cheBB mutant, which exhibited constant tumbling in the 
unstimulated state, did not respond to a mixture of the PTS 
sugars mannose, glucose and N-acetylglucosamine. If the 
methylatable transducers were deleted, a random type of 
motility was obtained and a normal response to the PTS 
sugars was observed. A similar phenomenon would probably 
occur in smooth-swimming mutants, including E. coli HCB326. 
The se y switch mutations of E. enli RP3000 (se/A2), RP3001 
(seyA3) and RP3068 (se111310 were transduced into HCB326 
(yielding HCB482, HCB483 and HCB484, respectively; Wolfe et 
al. 1987). Each of these transductants exhibited a random 
motility pattern. 
Another problem encountered was that the strains had 
a mutation in the mIlA gene which is the mannitol enzyme II 
receptor for the PTS transport and chemotaxis systems 
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(Adler et al. 1973). Much work on the PTS has utilized 
mannitol because at low concentrations (10 a) it is trans-
ported only by the mannitol PTS. Since mannitol could not 
be used as an attractant for these studes, mannose and 
fructose were chosen as the most specific PTS attractants 
that would be detected. Table 12 shows the responses to 
mannose and fructose in the control strains S. Uphimutimm 
ST23 and E. 2011 RP437 and HCB526. 
Strains containing only the switch and motor (E. aDli 
HCB482, HCB483 and HCB484) were tested for responses to 56 
pM fructose. No responses were observed although the 
strains did grow on the sugar (Table 12). The strains also 
did not respond to a change in oxygen concentration, accom-
plished by replacing air with nitrogen or replacing nitro-
gen with air (E. e. JJ. HCB326 did not respond either, Table 
12). The presence of methylatable transducers, as in E. 
oii HCB310 (iat+ ite), did not restore the response to 
oxygen. This indicated that additional components were 
required for aerotaxis and PTS taxis. 
13.2. Addition of the CheY and CheZ proteins 
The first component restored to the "gutted" strain 
was the CheY protein. The "gutted" strain was transformed 
with a plasmid containing the tha gene behind a itp pro-
moter (pRL22ApymII) yielding E. apli HCB328 (Wolfe et al. 
1987). The imp promoter caused so much CheY protein pro-
duction that strain HCB328 was constantly tumbling even 
107 
Table 12. Responses of various mutants to oxygen, fructose 
and mannose 
Strain 1  Air to N 2  
(s) 
























HCB349 	 NR 	 NR 	 NH 
HCB513 10.54 10.5 14.5
4 HCB525 	 NR 	 NR 	 16.0 	12.0 
Switch/motor-only strains 
HCB326 	 NE 	 NR 	 - 	 - 
HC3310 NR NR - - 
HCB482 	 NR 	 NH 	 - 	 NB 
HCB483 NH NH - NH 
HCB484 	 NH 	 NH 	 - 	 NR 
CheY-containing strains 
HCB328 	 NH 	 NB 
HC3465 NH NR 
	
NR 
HCB475 	 NR 	 NR NH 
	
NH 
HCB334 NH NR 
HCB338 	 NR 	 NH 
ChaZ-containing strains 
HCB327 	 NH 	 NR 
HCB365 NR NR 
HCB312 	 NR 	 NH 
HCB333 NR NR 
HCB337 	 NH 	 NH 
HCB358 Nit Nil 
1. All strains are E. tali except ST23 which is an S. 
Uphimmtium strain. 
2. For the aerotaxis assays all strains were grown 
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Table 12. Continued. 
overnight in VBC containing mannose (1% final concentra-
tion) as the carbon source and the required nutritional 
requirements. If necessary the strains containing plasmids 
were induced with the appropriate inducer for 30 min. The 
cells were washed by centrifugation twice and suspended in 
a motility medium consisting of 10 mM K-PO4 (pH 7.0), 67 mM 




2SO4' A drop (approximately 3 wl) of the cell sus-
pension was placed on a glass slide which was then placed 
within the aerotaxis chamber. The chamber was flushed with 
humidified nitrogen (99.9% pure; air to N2 response), the 
response observed and the time required for 50% of the 
cells to resume the prestimulus motility pattern noted. 
The nitrogen flow into the chamber was terminated after 2 
min and air was allowed to enter the open end of the cham-
ber (N
2 to air response). The response was observed and 
the time required for 50% of the cells to resume the pre-
stimulus motility pattern noted. Response times are given 
in seconds. NB, no response observed; -, not determined. 
3. For the PTS taxis assays the cells were grown overnight 
in VBC containing either mannose or fructose (1% final con-
centration) and the auxotrophic requirements. If necessary 
the strains containing plasmids were induced with the 
appropriate inducer for 30 min. The cells were washed by 
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Table 12. Continued. 
centrifugation twice and suspended in a motility medium 
(see above). Responses to mannose were performed on cells 
grown in mannose and responses to fructose were performed 
on cells grown in fructose. The sugar (56 a final concen-
tration) was rapidly added to a drop of the cell suspen-
sion, the response observed and the time required for 50% 
of the cells to resume the prestimulus motility pattern 
noted. Response times are given in seconds. 
4. Aerotactic and PTS tactic responses in HCB513 and 
HCB525 were observed in cells which had been given aspar-
tate (0.5 pM final concentration) I to 2 min before the 
assay was performed. Similar responses were obtained in 
the presence of 1.0 pM aspartate (final concentration). 
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without induction. E. enli HC3465, which was similar to 
strain HCB328 but contained the theY gene behind an Eta 
promoter, showed no tumbling unless the eheY gene was 
induced with arabinose (Wolfe et al. 1987). Hence, various 
degrees of tumbling were obtained with strains HCB328 and 
HCB465. A response to oxygen and the PTS sugars should be 
observed if the CheY protein, in addition to the motor and 
switch, constituted a minimal system for excitation in 
aerotaxis or PTS taxis. 
The CheY-containing strains (iCB328 and HCB465) showed 
no response to oxygen and PTS sugars (Table 12). Partial 
induction of the tha gene behind the aza promoter, to 
yield a random motility pattern in strain HCB465, resulted 
in no response to oxygen and the PTS sugars. The presence 
of some of the methylatable transducers (as in strains 
HCB475 	 HCB334 (Iaz+ Ireland HCB338 asz+ /re]) 
did not restore aerotaxis either. (The presence of the 
transducers reduced the tumbling frequency as reported by 
Wolfe et al. [1987]. This aided in reducing the amount of 
tumbling induced in cells containing the pR1,22Ata31mIi plas-
mid (HC2334 and HCB338].) 
A plasmid containing both ella and eheZ genes behind 
the Icy promoter (pRL22) was then used to transform E. col! 
HCB326 (yielding E. =Ili HCB327) (Wolfe et al. 1987). This 
resulted in a strain containing the CheY and CheZ proteins 
as well as the motor and switch. This strain showed no 
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aerotaxis (Table 12). A similar strain (iC3365) containing 
the JaeY and eta genes on the chromosome also showed no 
aerotaxis (Table 12). Strains containing one or more meth-
ylatable transducers in addition to the CheY, CheZ, motor 
and switch proteins (as in E. QQI.1. H312 [tat+ ize], 
HCB333 [Iaz+ ire], HCB337 [Isr+ ire] and HCB358 [iat+  
ize1), showed no aerotaxis as well (Table 12). 
These results indicated that additional chemotaxis 
components were required besides or in addition to the 
CheY, CheZ, motor and switch proteins. It should be noted 
that all of these eha- and chen-containing strains con-
tained a normal switch and that the tumbling observed was 
CheY protein-induced tumbling. 
B.3. Addition of the CheA and CheW proteins 
Since the excitation phase of responses to the attrac-
tant aspartate and the repellent nickel have been shown to 
function normally with only the CheA, CheW and CheY pro-
teins present to communicate the signal from the Tar trans-
ducer protein (which mediates responses to aspartate and 
nickel) to the switch (Wolfe et al. 1987), aerotaxis and 
PTS taxis might be observed in such a strain. So strains 
containing eheA and cheW (TCB349) and eheA, eta and eheY 
(iCB513, HCB525 and BT3081) plus the motor and switch were 
examined for aerotaxis and PTS taxis. 
The motility patterns of E. =di HCB525 (theAWY con-
taining) and HCB513 (cheAWYZ containing) was constantly 
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tumbling and no responses to oxygen or the PTS sugars were 
observed. To reduce the tumbling bias, aspartate (0.5 pM 
final concentration) was added to the cells 1 to 2 min 
before an aerotaxis or PTS taxis assay. The cells still 
exhibited a constantly-tumbling motility pattern; however, 
any attempt to change it to random was unsuccessful. A 
final concentration of 2 pM aspartate yielded either a 
constantly-smooth or constantly-tumbling motility pattern 
in separate experiments. 
PTS taxis was demonstrated in E. 201i HCB525 and 
H513 in the presence of aspartate although it was 
slightly reduced as compared to the control strains (Table 
12). (The reduced response was probably due to the 
increased frequency of tumbling exhibited in these 
strains.) Aerotaxis, on the other hand, was demonstrated 
only if • the CheZ protein was present (strain HCB513; Table 
12). The aerotactic response may be relatively weak in 
these eheAWY strains and may have been masked •in the 
mutants without the CheZ protein because of the high tum-
bling frequency. 
In E coli HCB349 (he e ghee cheY-) no signals to 
tumble could reach the motor in the absence of the CheY 
protein. The cells were smooth-swimming and showed no 
response to oxygen or PTS sugars. Together these results 
indicate that the CheA, CheW and CheY proteins are required 
for PTS taxis. Aerotaxis may have required the CheZ 
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protein in order to reduce the threshold level in which 
smooth-swimming response is observed (see Discussion). The 
same threshold level in the cheZ- strain may have also 
accounted for the near normal adaptation to the PTS sugars 
(see Discussion). 
Most of the above strains, used for identifying the 
point of convergence, were tested for taxis to and growth 
on semisoft agar plates containing mannose or fructose. 
None of the mutant strains showed a normal chemotactic 
swarm (Table 13). Despite the lack of results on swarm 
plates it can be concluded from the temporal assay results 
(Table 12) that the CheA and/or the CheW and the CheY pro-
teins are needed to communicate the signal from the PTS 
tactic transducer to the switch on the flagellar motor and 
that, perhaps, the CheZ protein may also be needed for the 
aerotactic response. 
Strain1 	Proteins 





Table 13. Chemotaxis to mannose and fructose on minimal 
semisoft agar 
ST23 	All 	Yes 	100 	Yes 	100 
RP437 All Yes 100 Yes 100 
HCB526 	All Yes 	100 	Yes 	100 
HCB513 	All 	Yes 50 Yes 50 
ST171 A,W,Y Yes 	35 	Yes 	35 
HCB525 	A,W,Y Yes 10 Yes 10 
HCB327 	Y,Z 	Yes 	10 	Yes 	10 
HCB338 	Y Yes 10 Yes 10 
HCB365 	Y,Z Yes 	10 	Yes 	10 
HCB465 	Y 	Yes 10 Yes 10 
HCB475 	Y Yes 	10 	Yes 	10 
BT3081 	Y Yes 10 Yes 10 
1. All strains are E. glai except ST23 and ST171 which are 
a. iyphimuzium. 
2. The CheA, Chehl, CheY and CheZ proteins are designated 
as the central processing proteins. 
3. A drop of a suspension of each strain was placed on a 
VBC semisoft agar plate containing the indicated carbon 
source (0.1% final concentration) and incubated for 36h at 
30°C. As the bacteria consumed the sugar (an indication of 
growth), they generated a gradient of the sugar and 
migrated (swarmed) from the site of inoculation in response 
to the gradient. The diameter of the resultant swarm was 
expressed as a percentage of the diameter of the control 
strain, RP437. S. iyphimutium ST171 is a constantly tum-
bling strain like E. epli HCB5I3 and HCB525. 
Iv. Discussion 
This study has provided insight into the function of 
the CheA, CheW, CheY and CheZ cytoplasmic processing pro-
teins by localizing 1) the site of ATP utilization and 2) 
the point of convergence of aerotaxis and PTS chemotaxis 
With the methylation-dependent system of chemotaxis. Both 
of these facts were unknown before this study. 
A. Site of NIP requirement 
The site of ATP requirement is at the CheY protein/ 
switch site. In an E. Clai strain (BT3077) containing the 
CheY, motor and switch proteins but not the CheA, CheW, 
CheR, CheB, CheZ, Tar, Tap, Tsr or Trg proteins, tumbling 
was suppressed by depleting intracellular ATP by arsenate 
treatment (Table 9 and Fig. 17). ATP is required for 
either the interaction of the CheY protein with the switch 
or the conversion of the CheY protein to an active form. 
The latter hypothesis is more likely to be correct. The 
binding of the CheY protein to the switch determines the 
tumbling frequency in bacteria. Since the CheY protein is 
found in excess over the number of motors and the other 
chemotaxis components (DeFranco and Koshland 1981; Kuo and 
Koshland 1987), most of the CheY protein must be in the 
inactive form. Changes in the tumbling frequency would 
then result from alteration of the mount of active CheY 
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protein. For the alternative hypothesis in which ATP is 
required for CheY binding to the switch, all of the CheY 
protein would be in the active form. The only way to regu-
late CheY binding to the switch in order to change the tum-
bling frequency would be to alter the ATP concentration. 
However, work with nonmetabolizable chemoattractants has 
ruled out a change in ATP levels as the means for changing 
tumbling-frequency during signalling (Adler 1969). There-
fore, ATP is probably required for the activation of the 
CheY protein. 
The activation of the CheY protein would require 
another protein or other intermediate to assist in the 
activation. Otherwise, the CheY protein would always be in 
the active form. Even though the effects observed here 
were in a strain devoid of the other known chemotaxis pro-
teins required for the methylation-dependent system, 
including the CheA and CheW proteins, the possibility of 
another as yet unknown chemotaxis protein responsible for 
the conversion could not be dismissed. The CheY protein 
levels in E. call BT3077 induced by IPTG are much greater 
than those present in wild-type strains. (The IPTG con-
centrations used in this study were greater than the 
highest concentration reported by Kuo and Koshland [1987]. 
Their highest concentration yielded CheY protein levels 
approximately 10-fold higher than those present in wild-
type strains.) Given such high levels the CheY protein may 
117 
be activated by another cellular protein, perhaps a kinase. 
This protein could have a nonspecific interaction with the 
CheY protein and would only show significant interaction 
when the CheY protein is present at high levels. In normal 
cells, however, the CheY protein would be activated by 
another chemotaxis protein. 
ATP is •not required for reversing the direction of 
motor rotation by the switch (Table 8). This process 
depends only on the proton motive force (Khan and Macnab 
1980). 
ATP appears not to be directly required for regulation 
of •demethylation of the transducer proteins by the protein 
methylesterase. The fact that adaptation is normal in ATP-
depleted cells (Taylor et al. 1985) and that there appears 
to be little change in stimulus-altered methylesterase 
activity with ATP depletion (Table 4) shows that the 
stimulus-altered methylesterase activity does not directly 
depend on ATP. The decrease in steady-state methylesterase 
activity with ATP depletion might be due to an indirect 
effect of AdoMet depletion on protein methyltransferase 
activity, although this is uncertain. AdoMet, which is 
synthesized from ATP and methionine, is utilized by the 
methyltransferase to methylate the transducer proteins (Goy 
et al. 1977; Springer and Koshland 1977). Hence, depletion 
of AdoMet would hinder methylation of the transducers. 
This would lead to a reduction in the methylation level of 
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the transducers and, as a result, less demethylation would 
be required to compensate for an occasional overmethylation 
which occurs normally and is responsible for the steady 
turnover of methyl groups (Toews et al. 1979; Kehry et al. 
1984). Methylation and demethylation occur continuously 
within the unstimulated cell and are equally balanced. 
Demethylation is inhibited by the addition of an attractant 
or by methionine starvation. Methionine starvation and ATP 
depletion yield AdoMet depletion (Aswad and Koshland 1975b; 
M. S. Johnson, L. S. Wong and B. L. Taylor unpublished 
observation). Hence, ATP depletion could inhibit demethyl-
ation by the methylesterase and lead to an observed 
decrease in steady-state methylesterase activity. The 
methylation level may only be slightly reduced and the dif-
ference may not be evident on autoradiograms of polyacryla-
mide gels containing [Himethyl-labelled transducer pro-
teins, but reduced enough such that the generation of the 
demethylation signal is reduced. 
The CheY and CheZ proteins are not required for the 
normal increase in methylesterase activity observed with 
the removal of attractants (Fig. 16), but one or both are 
required for the decrease observed with the addition of 
attractants. F. W. Dahlquist (personal communication) has 
observed a slaw response of the methylesterase to the addi-
tion of attractants and no effect on the methylesterase to 
the removal of the attractants in theZ mutants. Stimulus- 
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altered methylesterase activity (attractant addition and 
removal) in cha mutants, however, was normal. Bence, the 
CheZ protein is probably required for regulating the normal 
decrease in methylesterase activity observed with the addi-
tion of attractants. Alternatively, the CheZ protein may 
be required for regulating the protein methyltransferase 
when the cell is stimulated by attractants. Any abnormal 
regulation and function of the methyltransferase would 
indirectly affect methylesterase activity via the altered 
methylation state of the transducers (see above discussion 
on AdoMet depletion). Finally, the CheY and CheZ proteins 
do not appear to be required for regulating steady-state 
methylesterase activity (Table 6). 
• Since stimulus-altered and steady-state methylesterase 
activities appear not to be the primary site of ATP action 
in bacterial chemotaxis, the CheA, CheW and, perhaps, the 
CheZ proteins do not require ATP for regulating the methyl-
esterase. These proteins, however, may require ATP in 
order to perform another chemotaxis function, such as acti-
vation of the CheY protein discussed below. 
A model which depicts the ATP requirement in bacterial 
chemotaxis in Eachetiehia mai and aalmonella typhimutium 
is given in Figure 19. ATP is required for the synthesis 
of AdoMet and the activation of the CheY protein. When the 
repellent nickel binds to the transducer protein Tar, a 
conformational change occurs which allows a CheAW protein 
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Figure 19. Model depicting the chemotaxis system: a) 
response to the repellent nickel (Ni 2+ ), b) response to 
the attractant aspartate (asp) and c) the CheY protein-
induced tumbling. CheB represents the methylesterase and 
CheR the methyltransferase. The initial transducer states 
in A and B (top of loops) are not the final state but are 
drawn for simplicity. 
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complex to bind to the transducer (Fig. 19a). The Tar-
CheAW complex (nickel still bound) allows two processes to 
occur; 1) the complex uses ATP to activate the CheY pro-
tein; and 2) the complex facilitates binding of the methyl-
esterase to the methylation domain of the Tar protein and 
stimulates demethylation. The activation of the CheY pro-
tein would serve as the amplification point in the sig-
nalling pathway. As long as the CheAW protein complex is 
bound to the transducer, the CheY protein is activated. 
Demethylation restores the prestimulus conformation of the 
Tar transducer protein and causes dissociation of the 
repellent nickel, the CheA and CheW proteins and the meth-
ylesterase. Since the N-terminal regulatory portion of the 
methylesterase is homologus to the CheY protein (Stock et 
al. 1985), an interaction of the Tar transducer-CheAW pro-
tein complex with both the methylesterase and the CheY pro-
tein could be possible. 
When the attractant aspartate binds to the Tar pro-
tein, a conformational change occurs which allows a CheAW 
protein complex to bind to the transducer (Fig. 19b). The 
binding of the complex is in a different orientation than 
that above for the repellent and will be denoted as a CheWA 
complex. The Tar-CheWA complex then allows two processes 
to occur; 1) the complex stimulates the CheZ protein to 
inactivate the CheY* ; and 2) the complex allows the meth-
yltransferase to bind to the methylation domain (Fig. 19b). 
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The inactivation of the CheY protein would serve as the 
amplification point because the stimulated CheZ protein 
would prevent enough tumbling signal from being present. 
The methyltransferase uses AdoMet, which was synthesized 
from methionine and ATP by S-adenosylmethionine synthetase, 
to methylate the Tar protein. Methylation then restores 
the prestimulus conformation of the Tar protein and, like 
above, causes dissociation of the attractant aspartate 
(Yonekawa and Hayashi 1986) and the methyltransferase. The 
CheZ protein might also facilitate either binding of the 
methyltransferase to the transducer or methylation of the 
transducer by the methyltransferase. This would account 
for the slow adaptation to attractants observed in cheZ 
mutants (Block et al. 1982; F. W. Dahlquist personal commu-
nication). 
The conformation which causes dissociation of the 
CheAW protein complex and the methylesterase (Fig. 19a) may 
also facilitate the binding of the CheWA protein complex 
(Fig. 19b). Likewise, the conformation which causes disso-
ciation of the CheWA protein complex and the methyltrans-
ferase may also facilitate the binding of the CheAW protein 
complex. This alternation of the conformation of the 
transducer protein and the subsequent methylation and 
demethylation of the protein could account for the continu-
ous turnover of methyl groups noted in unstimulated cells 
(Toews et al. 1979; Kehry et al. 1984). Stimuli would 
124 
simply induce the transducer to assume one of the confor-
mations which would remain until the methylation state 
changes to a new level. The new methylation level 
increases the dissociation constant of the stimulus mole-
cule rendering it less likely to bind to the transducer 
protein (Yonekawa and Hayashi 1986). 
P. Matsumura (personal communication) has isolated the 
CheA and CheW proteins as a complex. So it is not unrea-
sonable to assume that the CheA and CheW proteins function 
as .a complex in the normal chemotaxis system. 
The CheAW protein complex would activate the .CheY pro-
tein using ATP. Stock et al. (1987) have found a possible. 
site on the CheW protein which may bind a purine nucle-
otide. However, no binding of [732PJATP or [ 32Piphosphate 
to the CheW protein has been obtained in cytoplasmic 
extracts but some binding has occurred in pure preparations 
of the CheW protein (A. Stock personal communication). 
This laboratory, using a photoaffinity label (8-azido-
[y32NATP), has not obtained any binding of the label to 
the CheW protein. However, work is continuing. In order 
to obtain binding, other chemotaxis proteins may need to be 
present. The binding may be closely linked to another pro-
cess and would not occur unless the other process occurs as 
well. For example, the CheW protein may not bind ATP until 
a complex of the transducer, CheA, CheW and CheY proteins 
has formed. 
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After activation the CheY protein induces the switch 
to direct clockwise rotation of the flagellar motor (Fig. 
19c). The switch would then inactivate the CheY protein 
which dissociates from the switch. The CheZ protein inac-
tivates the CheY protein in the cytoplasm and probably at 
the switch also (Wolfe et al. 1987). 	In cheZ-deficient 
mutants the cells are able to return to the prestimulus 
motility pattern but after an extended period of time 
(Block et al. 1982). Hence, some mechanism for inacti-
vating the CheY protein must be present in the cheZ-
deficient strains. The inability of cellular envelopes 
containing the CheY protein to revert to a counterclockwise 
rotating mode (Ravid et al. 1986) is probably due to lack 
of a cytoplasmic component which is loosely associated with 
the switch and which aids in deactivation of the CheY pro-
tein. 
Two forms of the CheY protein have been reported 
(Matsumura et al. 1977) but attempts in this laboratory to 
reduce the mount of one form by depleting the cells of ATP 
have been unsuccessful. Attempts at labelling the protein 
with the photoaffinity label (8-azido-W2NATP) have not 
yielded any binding of the label to the CheY protein. 
However, work on this project is continuing. 
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B. Convergence of the methylation-dependent and 
methylation-independent systems 
The same minimum system which demonstrated responses 
to aspartate (E. call HCB525) also demonstrated responses 
to the PTS sugars mannose and fructose. The CheY protein 
was needed to induce clockwise rotation of the motor and 
the CheA and CbeW proteins were needed to alter the frac-
tion of activated CheY protein present within the bac-
terium. A strain (E. Cpl.' HC13465) containing only the CheY 
protein demonstrated no alteration of the tumbling fre-
quency in response to a step increase in mannose or fruc-
tose and a strain (E. 201i HCB349) containing the CheA and 
Chell proteins showed no tumbling. It is not known if 
either the CheA or the CheW protein can be eliminated and a 
response demonstrated. 
The aerotac tic response was observed only when the 
CheZ protein was also present (E. gii HC3513). However, 
the CheZ protein may only be required to reduce the extreme 
clockwise bias present in the cha-deficient mutant. In 
gha-deficient mutants the counterclockwise bias generated 
with an attractant stimulus is slow to form (Block et al. 
1982) and in the cha strain used in this study (E. =Ili 
HC3525) the counterclockwise bias generated may be so slow 
that enough bias is not generated within a certain time 
interval to cross the threshold required for smooth swim-
ming (Fig. 20). 
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Figure 20. Figure showing responses to an attractant in 
strains with a normal bias (solid line) and a) with or b) 
without cheZ. The dashed line represent the responses in 
a) E. call HCB513 (cheAne) and b) E. eitai HCB525 
(hen). The dotted line represents the bias generated 




The PTS system, however, may generate enough counter-
clockwise bias so that responses to the PTS sugars are 
observed but the level may only cross the threshold for a 
short period of time (Fig. 20). This would account for the 
slightly reduced PTS tactic responses observed (Table 12). 
A model depicting the responses to stimuli mediated by 
the methylation-independent systems of chemotaxis is given 
in Figure 21. The only differences between this model and 
the one in Figure 19 is the transducer protein and the pro-
teins responsible for adaptation. 
The CheAW protein complex, since it is large (approxi-
mately 94 Kd), could have binding sites for the transducer 
and adaptation proteins utilized by the methylation-
independent systems which are different from the ones uti-
lized by the methylation-dependent system. Each system, 
however, would stimulate either the activation or the 
inactivation (via the CheZ protein) of the CheY protein by 
the complex. 
Since no changes have been observed in the methylat ion 
patterns of the transducer proteins on polyacrylamide gels 
as a result of exposure to oxygen and the PTS sugars 
(Niwano and Taylor 1982; M. S. Johnson and B. L. Taylor 
unpublished observation), the interaction of the oxygen and 
PTS tactic transducers with the CheAW complex should 
involve a site different from that utilized by the 
methylation-dependent system of chemotaxis. Even the 
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Figure 21. Model depicting aerotaxis: a) response to the 
removal of oxygen (-02) from •the cells, b) response to the 
reintroduction of oxygen and c) the CheY protein-induced 
tumbling. CheB0 represents the aerotactic equivalent of 
the methylesterase and Chao the equivalent of the methyl-
transferase. Tor represents the transducer for oxygen 
taxis. A similar set of proteins are required for PTS 
chemotaxis. The initial transducer states (top of loops) 
are not the final state but are drawn for simplicity. 
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adaptation proteins should interact at different sites. 
C. Studies utilizing plasmids 
The effects of the plasmids on ATP depletion by histi-
dine starvation of E. iyphimutimm hisE mutants may indicate 
that the use of plasmids as a means of studying chemotaxis 
could yield artifacts that may not be a part of the normal 
chemotaxis system. Plasmid-encoded proteins may have pre-
vented ATP concentrations from falling to less than 0.2 mM 
in the S. Uphimutimm hiaE mutants during histidine starva-
tion by preventing normal utilization of ATP. Any condi-
tion which decreases ATP utilization such as a decrease in 
protein synthesis prevents ATP concentrations from falling 
sufficiently (Galloway and Taylor 1980). These same pro-
teins could interact with the chemotaxis system and produce 
aberrant effects. Such results would have to be compared 
with the wild-type system before any conclusions can be 
made. 
The overexpression of the chemotaxis gene products 
•may also introduce an artifact. Such overexpressions may 
reveal nonspecific interactions with other cellular pro-
teins. Such interactions however, would be minimal and 
could be overlooked if easily masked by the addition of 
another chemotaxis protein which is also overexpressed. 
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D. Further studies 
The models presented in Figures 19 and 21 indicate 
that there should exist cheA and cha mutants which demon-
strate methylation-dependent chemotaxis but not aerotaxis 
and PTS chemotaxis. Such mutants have not been isolated 
but with various genetic techniques available it should be 
possible to isolate such mutants. The cheA and cheW genes 
have been cloned onto separate plasmids (A. J. Wolfe per-
sonal communication). Site-specific mutagenesis and other 
genetic techniques to introduce specific mutations within 
the genes might allow rapid isolation of chell and cheW 
mutants which would show methylation-dependent chemotaxis 
and not methylation-independent chemotaxis. 
The subsequent isolation of second-site suppressor 
mutations could map in the genes encoding the transducer 
and/or adaptation proteins utilized by the methylation-
independent systems. These could then be isolated and 
studied. 
Strains with elle0 mutations may show suppressor muta-
tions in the ghell and/or cilia genes. The CheD transducer 
protein may bind the CheAW protein complex strongly and in 
such a way as to render the complex unable to activate the 
CheY protein. This would explain the dominant behavior of 
the cha mutants in the excitation and adaptation phases of 
the chemotactic response (Callahan and Parkinson 1985; 
Kehry et al. 1985a). 
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Work is currently in progress evaluating the activa-
tion of the CheY protein. Attempts to label it with the 
photoaffinity label [8-azido-ATP) in the presence of other, 
selected chemotaxis proteins is underway. This should pro-
vide valuable information on the activated CheY protein and 
the specific protein responsible for its activation, CheA 
or CheW. The mechanism of action can then be studied in 
detail. 
CheY protein preparations made by workers in the labo-
ratory of P. Matsumura have yielded batches containing 
active CheY protein, which can induce clockwise rotation in 
cell envelopes containing the motor and switch (Ravid et 
al. 1986), and some containing inactive CheY (P. Matsumura 
personal communication). Conditions whereby one form is 
obtained but not the other are presently being worked out. 
All chemotactic signals are probably mediated through 
the CheAW protein complex, including the blue light 
response, the responses to hyperbaric oxygen and osmotaxis. 
The appropriate cheil and eheW mutants should demonstrate 
whether, or not such an hypothesis is true. 
In summary, this study has localized the site of ATP 
utilization to the CheY protein/switch site. The site was 
localized by examining methylesterase function and regu-
lation, switching of the flagellar motor and the CheY 
protein-induced tumbling. This study has also localized 
the point of convergence of the methylation-independent 
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systems of chemotaxis with the methylation-dependent system 
to the CheA and/or CheW proteins. The point of convergence 
was localized by examining mutants deleted of the known 
genes required for the methylation-dependent system then 
adding genes until a minimal system which demonstrated 
aerotaxis and PTS taxis was obtained. 
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